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Abstract

The atmospheric muon neutrino deficit suggests that v, mass and mixings could be
measured with a long baseline neutrino oscillation experiment from Fermilab’s Main
Injector. We are proposing such an experiment from Fermilab to Soudan, Minnesota
using a double horn neutrino beam and the 120 GeV Main Injector. The experiment
concentrates on the mode v, — v;. The experiment would make use of the existing
Soudan 2 detector and a smaller near detector located behind the short baseline ex-
periment P-803. The systematically cleanest signal for this mode is a change in the
apparent neutral-current to charged-current ratio. In two nine month runs, we are
sensitive to sin? 26 > 5.0 x 1072 and Am? > 2 x 10~2eV2. This experiment will con-
clusively confirm or refute the exciting possibility that neutrino oscillations are causing
the atmospheric v, deficit.

1 Introduction

1.1 Historical Context

The solar neutrino deficit, atmospheric neutrino deficit, and the missing mass problem offer
three separate hints that the neutrino may possess mass. Neutrino oscillations are a natural
consequence of neutrino mass. For the last several years, there has been increasing evidence
that the Am? range from 0.001 to 1 eV?.is the range of interest for neutrino oscillation
searches. (Am? =| m?—m? |) In this range there is a very strong hint for neutrino oscillations
from the atmospheric neutrino deficit. Independently, if the solar neutrino deficit is due to
v, — v, oscillations, this range is a strong candidate for v, — v, oscillations. Finally, if the
dark matter includes a 10 eV v;, this range is a strong candidate for v, — v, oscillations.
It is this range of 0.001 to 1 eV? to which a long baseline (~ 700 km) neutrino experiment
from Fermilab’s Main Injector is sensitive.

The P-822 Proposal for the long baseline neutrino oscillation experiment from Fermilab
to Soudan was submitted in March 1991. The overall physics motivation and capabilities of
the experiment to study neutrino oscillations remain essentially the same.

Several aspects of our original proposal will be updated in this document. A discussion
of the double horn beam was presented to Fermilab in June 1991 through a Conceptual
Design Report.[1] That beam did not point at the Soudan 2 detector; a new beam design
and cost estimate are being prepared by the FermiLab Facilities Engineering Services (FES).
A number of important physics and detector issues have been documented in some detail
in the Proceedings of the Long Baseline Workshop at Fermilab in late 1991.[2] We have
addressed those aspects of long baseline neutrino physics which we regard as most crucial
in this revised proposal. We are also working on other concepts, which are identified at the
end of the proposal.

The P-822 proposal was discussed by two neutrino review panels which were convened at



Fermilab in May 1991 and June 1993. In August our collaboration was given questions from
the PAC June 1993 Aspen meeting. They require much detailed work to provide complete
answers which we have not yet finished to our full satisfaction. However we do present in
this document our progress towards full answers. Since we expect further questions from
the PAC at the November meeting, we anticipate giving more complete answers to all these
questions at the next presentation cycle.

1.2 What we are proposing

We believe that the prospect of a convincing discovery of v, — v, oscillations justifies a
major neutrino oscillation program at Fermilab. This document discusses several options to
broaden the capabilities of a long baseline experiment from Fermilab to Soudan. Although
several such improved capabilities are referred to within this revised proposal, we regard the
essence of our proposal as the following:

1. We request that Fermilab build a wide band neutrino beam at the Main Injector
pointed in the direction of Soudan 2, together with a detector hall to be shared with
P-803.

2. We will use the existing Soudan 2 calorimeter and a similar but smaller near detector
to measure neutrino interactions.

3. We are proposing to build a muon toroid system and an enhanced sh1eld in order to
add to the systematic reliability of the experiment.

4. We propose to run for two years with the full upgraded Main Injector proton flux of
9.4 x10%° protons per year.

If the experiment is approved, we are confident we will be able to determine whether or
not the apparent atmospheric neutrino deficit is due to neutrino oscillations.

An important upgrade to the Soudan 2 detector would be to take advantage of the empty
space next toit. An approximately 8 kiloton “cavity filler” could be constructed there. Using
one of several possible conventional techniques, such a detector could be constructed in a
straightforward fashion, though its size would make it relatively costly. We are working to
determine its costs and capabilities. We will keep Fermilab appraised of the progress of these
studies, and should we decide such capabilities offer compelling advantages, we will propose
an additional detector at Soudan or revise this proposal as appropriate.

In Section 3, we compare the capabilities of a long baseline experiment with and without
a cavity filler. Some preliminary thoughts about construction and cost of a cavity filler
are presented in Section 5. However, we wish to make clear that the cavity filler is not
yet a part of this (P-822) proposal. Although it would greatly increase the statistics, it
would significantly add to the costs; the tradeoffs must be carefully studied. For example,



additional detector mass would be of great value if several years should be required to reach
design intensity in the Main Injector. The tradeoffs in “cavity filler” cost versus granularity,
resolution, density, and other capabilities will depend on Monte Carlo simulations which are
underway but not yet completed.

This proposal for a long baseline neutrino oscillation experiment depends on the con-
struction of a wide band neutrino beam with the Main Injector, and also on the existence
of a short baseline experiment such as P-803.[3] As will be described later, we would rely
on the P-803 spectrometer for high resolution measurements of the neutrino beam energy
spectrum and composition.

1.3 Organization of Revised Proposal

Since many of the PAC members are new since our first proposal[4] we repeat in this version
the essential elements of the physics justification and experimental method to avoid the
necessity for constant cross reference between the two documents.

The organization of this document is as follows: In Section 2 we review the physics
motivation for a long baseline neutrino oscillation experiment. In Section 3 the experimental
capabilities of this proposal are reviewed. In Section 4, we provide preliminary answers to the
questions posed by the PAC. We note that we have been unable to answer to our satisfaction
all of the questions posed by the PAC but we believe we are headed in the right direction,
have made substantial progress and will be able to give more complete answers to the rest of
the questions at the next presentation cycle. In Section 5 we discuss the possibilities for a new
cavity filler detector in the Soudan facility. In Section 6 we compare the capabilities of this
proposal to other searches for v, — v,. These include several possible and/or approved short
and long baseline experiments. Section 7, describing future work, discusses our efforts on a
“cavity-filler design” and sets out our plans for continued analysis. Appendix A discusses
the derivation of limits in Am? versus sin® 26 space for different neutrino oscillation tests.
Appendix B describes the existing Soudan detector and calibration. In Appendix C we offer
a consistent definition of appearance and disappearance neutrino oscillation experiments.
Because we have found differing uses of these terms to be widespread, it is necessary to
define and distinguish them.

Where appropriate, cost estimates are included within the relevant Section. All cost
estimates are in 1993-94 dollars, with no estimate for inflation.



2 Physics Motivation

2.1 Atmospheric Neutrinos

When our P-822 proposal was submitted in 1991, we argued that the possible atmospheric
neutrino deficit was a strong motivation for a long baseline neutrino oscillation experiment.
At that time, the evidence for an atmospheric v, deficit was based on 2.8 kiloton years of
. Kamioka data, and IMB had not publicly presented its x versus e ring analysis. Now, the
same deficit is seen in over 13 kiloton years of H,O Cerenkov data. It is reviewed here only
briefly. :

Several underground experiments which can measure the ratio of v, to v, in the atmo-
spheric neutrino flux see an apparent deficit of v, compared to expectation. We define a
ratio of ratios :

R= (Vu/Ve)meaaured (1)
(Vu/ye )predicted
The experimental situation is summarized in Table 1.[5] We note that the following mea-

surements of contained atmospheric neutrinos are all consistent with a 30-40% deficit of v,
normalized to the measured v, rate.

e IMB-1 (3.8 kton-year): muon decay fraction|6]

e Kamiokande (6.2 kton-year): muon decay fraction(7]
¢ Kamiokande (6.2 kton-year): ring analysis(7]

o IMB-3 (7.7 kton-year): muon decay fraction[8]

o IMB-3 (7.7 kton-year): ring analysis[8]

e Kamiokande (2.7 kton-year): ring analysis with inelastics taken into account.[9] This
is not independent of the second item above, but uses different analysis techniques and
includes more information about the total event sample.

o Frejus (2.0 kton-year): contained events.[10] An analysis of their data including the
uncontained events does not favor the existence of a deficit, however. The limit based
on this analysis is included on the plot of Figure 1.

e Soudan 2 (1.0 kton-year): preliminary result with contained events.[11] The statistics
of the Soudan 2 observation is small, but it is quite intriguing to us that the value is
on the low side.

Ascribing the atmospheric deficit to neutrino oscillations defines an allowed region in
Am?,sin® 20 space. The allowed region (at 90%CL) for v, — v, is shown in Figure 1,
together with accelerator limits. The data are taken from an analysis of the first 2.76 kt-
year of the Kamioka data. The statistical significance for R # 1 has increased as Kamioka
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has taken more data and more sharply defined the allowed values. IMB has not publicly
presented an oscillation analysis, but the results are expected to be similar. A large mixing
angle is required to explain the entire effect as v, — v,. The entire area shown in Figure 1
is larger than the region of parameter space which is statistically allowed by Kamiokande
at 90% CL. However, given the current spectrum of experimental results, and plausible
systematic errors, it represents the relevant area of interest for the atmospheric neutrino

deficit.

Limits on v, — v, have been presented based on the rate of upward throughgoing
muons.[12] However, any limits based on upward going muons must include large systematic
uncertainties in the absolute flux of cosmic rays and hencer's.[13], [14] In our view, such muon
measurements have not reliably excluded any of the allowed region in Figure 1. Limits have
also been presented by IMB based on upward going stopping muons. This result depends
on knowledge of the energy spectrum and on the absence of background, such as hadron
backscatter. A background of only 10 such events would invalidate this limit.

Experiment Exposure R

Kamiokande 6.10 kton-year 0.6013:3% + 0.05
IMB 3 7.70 0.54 £ 0.02 £ 0.07
Frejus 2.00 0.87 £ 0.19
NUSEX = 0.4 0.99 £+ 0.40
PRELIMINARY

Soudan 2 1.00 0.69 £ 0.19 £ 0.09

Table 1: Atmospheric neutrino exposures and results.

2.2 Why Concentrate on v, — v, ?

We first the define relevant notation. If neutrinos of one species oscillate into at most one
other species, the probability is given by

P,

-y = sin® 26 sin?(1.27 Am?® —é/—) (2)

with Am? in eV?, L in km and E, in GeV. Am? = |m2_— m2 | and 6 is the mixing angle
between v, and v, neutrinos. The masses and mixing angles are unknowns. An experiment



which fails to find neutrino oscillations can set a limit in the Am? versus sin? 26 parameter
space.

Several neutrino oscillation experiments and proposals have been run or are being con-
sidered within the high energy physics and nuclear physics communities. Since the observed
width of the Z boson permits only three flavors of light neutrinos,[15] it is reasonable to
concentrate attention on the three possible modes v, — v, v, — v, and v, — v,. A long
baseline experiment with a primarily », beam can look for the oscillation modes v, — vy
and v, — v.. ~

What motivates an expensive, difficult search for oscillations? A skeptic can reasonably
ask the following question:

The parameter space for neutrino oscillations is three semi-infinite plots of Am?
versus sin® 26. Dozens of ezperiments have searched for and failed to find evidence
for neutrino oscillations. Why should any new ezpensive erperiment be built
which can only exclude another finite area in parameter space?

There are two sets of answers to this question. The first set is based on the experimental
evidence of the atmospheric and solar deficits. The second combines this evidence with some
theoretical considerations to justify a search in a particular channel, and in a definite region
in mass and mixing space.

The v, — v, channel deserves a careful search because of two experimental observations:

o The atmospheric neutrino v, deficit is naturally explained by v, — v, oscillations in the
parameter region accessible to P-822. This is the strongest argument for a new neutrino
oscillation experiment in general and for P-822 in particular. The combined data yield
a statistically compelling effect. There is no reason to disbelieve the result but the
natural interpretation, that we have discovered a violation of lepton family number,
is so important that a definitive experiment must be carried out. The accelerator
community cannot ignore or downplay the result merely because the techniques are
unfamiliar; rather, it should use the comsiderable advantages of neutrino beams to
definitively confirm or refute the effect.

e The solar neutrino data can be explained by v, — v, oscillations with the MSW
effect.[16] This range of Am? for v, — v, cannot be reached with any proposed accel-
erator experiment, yet serves as a strong motivation for the notion of neutrino mass
and mixing. The solar-implied range of Am? for v, — v, together with the expected

neutrino mass hierarchy implies a m,, heavier than \/ A m? (v, — v.) ~ 1073eV. This
could be accessible to either the short baseline proposal P-803 at small mixing angle
and Am? above a few eV?, or to P-822 at larger mixing angle and Am? down to below
1072eV2.

A second set of arguments are more speculative and model-based but point toward P-822.
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The solar and atmospheric deficits are linked by our theoretical expectations. If the
neutrino masses have the same generational hierarchy as the other quarks and leptons, and
if the lepton version of the KM matrix has the same nearly diagonal structure as the quark
KM matrix, then v, — v, is a natural candidate for accelerator-based experiments based on
the following chain of reasoning:

o The sum of the three neutrino masses are likely to be less than 10~100 eV or they
would overclose the Universe. It is also interesting to note that if global symmetries
are broken at the Planck scale, this implies a lower limit of m, of 10~8eV.[17]

o Within this range, there would be three neutrino masses, m,,, m,, and m,,.. The quarks
and leptons all exhibit a generational mass hierarchy, m, < m. < m;; my < m, < my;
and m, < m, < m,. Therefore it is plausible that m,_ < my, < m,,. We point out
that in specific models which have been published in the literature most seem to have
this feature.[18] If no pair of neutrino masses is near-degenerate, we would have

Am* (v, —v,) = ml
Am?(v. — v.) = ml (3)
Am* (v, —v,) = m,z,“ = elm?_

This last relation defines ¢;; which is smaller than 1.

Again with guidance from the quark sector, a lepton Kobayashi Maskawa Matrix is
expected to have the following general form:

~1 €2 Gg
€9 ~1 €2

Eg €2 ~1

with €; small compared to 1.

¢ To date, no evidence has been found for oscillations at accelerator experiments, so P
is small. If we imagine increasing L/E and repeating those experiments, then as we
increase L and decrease E, we may find oscillations with P x~ 21.27TAm2L/E. If we
now compare the probability of oscillation for the three modes for experiments at a
fixed distance and energy, we find

2
Pu“—-vu, X €y

Py, ox € (4)

e

2.2
P, v, x €€

With these rather general assumptions, the mode v, — v, is the most likely mode to
be observable with accelerator neutrinos.
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2.3 See-Saw models

The see-saw mechanism(19] naturally explains both the low neutrino masses and the mass
hierarchy in equation 4. If the solar neutrino problem is explained by the MSW effect, then
my, > 107%e¢V. Depending on whether the see-saw mechanism is implemented with quark
masses or lepton masses, and whether a linear or quadratic mechanism is used, a m,, from
0.01 to 10 eV is predicted.[20] If the m,, = 10 eV and the mixing angle is smaller than E531
limits, then CHORUS, NOMAD and the more powerful P-803 could discover v, — v, in
that parameter space. This scenario is favored by “mixed dark matter” proponents who have
come forward since the anisotropies of COBE have been seen.[21] But neutrino mass, even
without direct cosmological implications, is interesting and important. m,,_ = 0.1 eV, which
is also allowed by see-saw models, is favored as an explanation of the atmospheric neutrino
deficit.[22] Recent reports of MACHO’s,[23] massive compact halo objects (such as Jupiter,
but filling the galactic halo region), offer alternative dark matter explanations and leave the
neutrino sector accessible to solar, atmospheric, and long baseline accelerator experiments.
A suggestion that the see-saw mechanism might be accompanied by enhanced mixing[24]
also favors this scenario.

24 v, —v,

This proposal concentrates on the oscillation mode v, — v.. However, it is also possible
that the atmospheric anomaly is due to v, — v.. P-822 would confirm that. If the v, were
heavier than 1 eV, with a mixing angle below the limits of FNAL E531, then the atmospheric
neutrino problem could be explained with v, — v, oscillations. Reactor experiments have
limited some, but not all of this v, — v, parameter space. In this scenario, the MSW
effect cannot explain the Solar neutrino deficit. However, a solar neutrino deficit equal to
the atmospheric deficit would be expected in Homestake, Gallex and SAGE, with a slightly
smaller deficit in the Kamiokande solar data.[17]

2.5 The NUMI Program

The NUMI program at Fermilab, by combining the short baseline P-803 and the long base-
line P-822 offers a unique opportunity to study neutrino oscillations. The availability of a
neutrino beam using the Main Injector will provide an extremely large neutrino flux capable
of giving large event rates at long distances, with a substantial fraction of the beam above
v, charged-current threshold. Both appearance and disappearance experiments can be run
simultaneously. ‘

There are three possible indications of neutrino mass: the missing mass problem, for
which the heaviest neutrino mass of 1-10eV is needed if hot dark matter is a significant
part of the answer; the atmospheric neutrino problem which needs a high mixing angle and
Am? of 1072eV? to 10%V?, and the solar neutrino problem, which might be explained by

12



Does it explain?

Reference my, m,, Solar  Atmospheric Dark | P-803? P-8227
(eV)  (eV) | deficit deficit Matter
Standard Model 0 0 NO NO NO NO NO
Pakvasa[22] 10-* 107! YES YES NO YES YES
Hall[25] 1073 10 YES NO YES YES NO
Akhmedov[17] 10! 10 NO YES YES YES YES
GINO(26] 0 0 - YES YES NO NO YES
Caldwell[27] 3 3 YES YES YES YES YES
Wolfenstein B{28] | 3 10™* 31073 | YE&S NO . NO NO NO
“Just So” 10-8 10-8 YES NO NO NO NO

Table 2: Several theoretical neutrino mass scenarios

v, — v, oscillations and the MSW effect. Neutrino oscillations cannot naturally explain
all three effects, but could naturally explain any two of them. Table 2 lists a number of
neutrino mass scenarios. Most of them have been designed to “explain” one or more of the
three hints. It is seen that the NUMI program, consisting of a short baseline experiment
P-803 and a long baseline experiment P-822 is well positioned to find neutrino oscillations or
greatly constrain the neutrino physics explanations of these three important phenomena.

3 Discovering Neutrino Oscillations with P-822

3.1 Neutrino flux and event rates

The design and capabilities of a wide band neutrino beam using the Main Injector were
spelled out in the Fermilab Conceptual Design Report for the Main Injector Neutrino
Program.[1] The specifics for extraction and beam design in the direction of Soudan 2 have
been worked out by the Fermilab Main Injector groups and Research Division and will not
be addressed in this document. A map of the beam and a cartoon sketch of a profile of the
earth are shown in Figure 2. The neutrino beam will go through the short baseline detector
P-803 and also a = 50 ton near version of the long baseline detector at the Fermilab site. It
will then traverse 730 km to the Soudan mine.

The Soudan 2 detector has a mass of 960 tons. The cavity in the Soudan hall is 72m x
14m x 11lm, and we estimate that, depending on the required granularity, another :detector

of up to 8 kton could be constructed behind Soudan 2 with a similar capability for measuring
NC/CC in the Fermilab beam.

Since the original proposal was written, the expected intensity for the Main Injector has
increased from 4 10'? protons per pulse every 2 seconds to 10'4 protons per pulse every 1.5
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seconds. This increases the neutrino event rate in the existing Soudan detector by a factor
of 3.3, as shown in Table 3. We assume two nine-month runs with 100 hours per week
of running. All of the rates and limits given in this document apply to this base running
assumption, unless otherwise noted. In Table 4 we show the event rate which could be
obtained in two nine month runs if we also build an 8 kiloton cavity filler.

It is useful to be able to compare different scenarios for a long baseline experiment with
the double horn beam from the Fermilab Main Injector. Starting with our base assumptions
we can scale the mass, distance and running time and intensity as follows:

M 730km ., protons on target A
N = 6000 (G5gtoms ™Z ) (o xgax10m ) ®)
P=20 P=201 P =0.2 P = 0.345

Runer jocer | 3982 = 310 £ .011 | 120 = 365 +.013 | 1220 = 433 + .015 | 1320 = 566 +.020

3440 3110 2780 2300

R | 139 =203+.04 | 38890 -280+.04 | L9 =266+ .04 | 1150 — 240 £ .04

6000 5650

44000 39600

Rocar/far | 725 = 2270 £45 | A% = 2530 £51 | 1% = 2840 £ 57 | 2% = 3470 + 69

Table 3: Expected ratios for several probabilities of oscillation (.345 corresponds to the
Kamiokande value at large L/E). Rates are for two calendar year (nine month) runs using
the existing Soudan Detector. The errors are statistical only for Re,c/ucer and Ry, tests
and are dominated by 2% systematic errors for the Rpcqr/qr test. These numbers are not
corrected for v, and NC/CC misidentification. Those corrections, which are discussed in the
text, will change the values of the ratios, but will not greatly affect the statistical significances
shown in this Table.

3.2 Neutrino Oscillation Tests

The expected event rate as a function of neutrino energy is shown in Figure 3. The rates
for quasi-elastic, resonance production, and deep inelastic are shown separately. The bulk
of events are deep inelastic, with several pions in the final state.

The most powerful test we have for neutrino oscillations, the Reperjuce test is the most
independent of precise knowledge of the beam flux or energy spectrum. Several other sta-
tistically independent tests can also be used. All require more work, but any of these

14



P=0 P =01 P =0.2 P =0.345

30800 28000 25000 20700

Ruper jucer | soaie = .310 £ .004 | 12020 = 365 + .004 | 1389 — 433 + .005 | 11792 — 566 + .007

R, 35090 = 654+ .004 | 31300 _ 624 004 | 28200 - 5094 004 | 29790 — 53 4 004

54000 — 50900 47700 43200 —

Rrcar/far | 2390 = 3700 £ 76 | 310 _ 4970 4 84 | 219 _ 4730 4. 95 | 3X19° _ 5780 4+ 116

132000 119000 106000 86000

Table 4: Rates are for two calendar year runs (9 months) with an 8 kiloton cavity filler.

stat‘istically—independent tests described below would provide a clear and convincing signal
in the Kamioka-allowed region for the atmospheric deficit.

® Rupenjucer test, the ratio of neutrino events without a clear muon to the number with a
clear muon. We will directly compare the ratio measured at Soudan to that measured
in the same beam at the near detector and in P-803.

e R, test, the ratio of muons coming from v, charged-current interactions in the rock
upstream of Soudan 2, to the rate of neutrino interactions in Soudan 2.

® Riear/far test, the ratio of numbers of events seen in the near and far detectors.

P-822 can search for v, — v, as well. A small intrinsic v./v, rate would enable us to
search for v, — v, or v, — v, by direct detection of electrons. Soudan 2 can identify low
energy electrons with high efficiency, although we have not yet determined the efficiency
with which we can separate electrons from hadrons at higher energy or multiplicity. Using
the decay channel 7 — ev.v, (branching fraction = 18%) as signal the background is then
kN,, + N,,. & is the probability that a hadron shower will be misidentified as an electron.
A multivariate analysis has been performed for P-803 to separate v, events from neutral-
current background. Some of these variables, such as the angle of the muon with respect to
the hadrons, can be measured in a fine-grained calorimeter such as Soudan 2. This may lead
to additional power to distinguish »,’s, particularly if mixing angles are large.

Finally, we expect 4300 events in which there will be an incoming muon from a charged
current interaction in the rock which stops in the detector. This event rate will be particularly
sensitive to the lowest energy neutrinos, and hence to neutrino oscillations. In the presence
of v oscillation, the stopping muon rate would decrease in a way that is more sensitive to
low values of Am? than the throughgoing muon rate. Knowledge of the beam spectrum is
important for this test, particularly at the low energy part of the spectrum.
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We have calculated the event rates and limit curves for the first three tests listed. The
limit curves which can be obtained using the three tests for our base running conditions, and
assuming 2% systematic error, are shown in Figure 4. For comparison, the limit curves for
the three tests discussed in the original proposal are shown in Figure 5. Restricting ourselves
to the Rupn /v test, we compare the effects of systematic and statistical errors in Figure
6. That figure compares the limits with and without an eight kiloton cavity filler, with and
without a 2% assumed systematic error in o/ R; (R = Rungr jucer )-

With a fine grained short baseline detector, and the running experience of the P-803
and E-770/E-815 experiments, we estimate that we may be able to achieve op/R of <
2%.(2, 29)'Limit curves for the R/, test are shown in Figure 7.

Limit curves give one description of the sensitivity of a search, but a worthwhile exper-
iment must be capable of seeing a positive signal. This is illustrated in Tables 3 and 4. In
Table 3 we show the expected event rates under the assumption of no neutrino oscillations
(P=0), and assuming that the average probability is 0.1, 0.2 and 0.345. The latter value cor-
responds to the mean of the atmospheric v, deficit. If P = 0.345, we will see a 13 ¢ result in
Runer jucer, and independently an 13 o result in R, and a 17 sigma result in Rp.ar/far- (We
approximate the errors as Gaussian for illustrative purposes.) The latter result is dominated
by a 2% systematic error. All three results are statistically independent. It is important to
note that although this experiment intends to measure R absolutely, the oscillation test only
requires that the systematic error on the change in the measured R is small; recall that the
central Kamioka value would cause a shift in the measured R of 0.566, so P-822 would still
measure a significant result with an unknown systematic error as big as 5%.

Table 4 shows the statistical errors on event rates for two nine-month runs with an 8
kiloton cavity filler. As an example, if P = 0.1, we could obtain an 14 o result in Rupe /e,
a7 oresultin R/, a5 o result in Rp.ep/fqr- These independent measurements provide a
strong handle on whether any anomaly might be due to neutrino oscillations.

In tables 3 and 4, we have compared the NC/CC ratio to the world average of 0.310.
However, there are uncertainties in the expected ratio in the energy region around charm
threshold.[30] This experiment is operating in that energy region. The Soudan 2 detector is
very modular. Main detector modules have been operated in the Rutherford ISIS test beam,
and on cosmic ray test stands at Argonne and Rutherford-Appleton Laboratories. Thus we
are able to carry out a two station experiment, using Soudan 2 modules near the P-803
detector at Fermilab.

The configuration of the near detector is discussed in Section 4, Question 3. The near de-
tector will provide a systematic check of the measurement in Soudan 2 modules of Ry, /e
and in addition, provide high statistics information about the neutrino beam. Our expec-
tations for the Runcr /e test will be normalized to the measured NC/CC ratio in the near
detector. On the other hand the check that, after correction,the near detector measures the
expected NC/CC ratio, up to uncertainties due to charm thresholds, will provide a valuable
test of our systematic errors. This empirical ratio will be measured with high statistical

1E-770 has already achieved o(R)/R < 1.2%.
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accuracy (millions of events) which will allow us to compare the ratio in the near and far
detector to a greater accuracy than Rup . is presently known at these energies.

The energy dependence of different event rates varies as shown in Table 5. While R/,
depends on knowledge of the energy spectrum of the beam, and R,..., /far ON the absolute
rate, Runenjucr is much less dependent on either. In the next three Sections, these tests are
discussed in more detail:

Table 5: Energy dependence of various processes

Neutrino flux & (E)
Contained vertex events E¢.(E)
Rock muons E*¢,(E)
Quasi-elastic contained events | ¢,(E)
stopping muons E¢,(E)

3.2.1 Ruperjucer Test to Detect v, Appearance

If v,’s oscillate into v,’s, this will affect the apparent ratio of neutral-current events to
charged-current events. In the absence of oscillations, we expect[31]

number of events without a muon

obs ' — Ptrue _ =
Roer jree = BT = number of events with a muon 031 £0.01 (6)
Then for N events,
1 Rtrue
ncc‘—"NXm and nm::NXITRE: (7)

If there is a probability, P, for v, to oscillate into v, then the resulting v, neutral-current
events would be indistinguishable from the v, neutral-current events. However, most (83%)
of the v, charged-current events have no muon and would therefore be classified as neutral-
current events. We would measure
_N(1-P+nBP)

nnccn —3

N(R"% + n(1 - B)P)
1 + Rtrue and Mine = 1+ Rtrue (8)

where B = 0.17 is the branching fraction for = — p~X and 7 is the ratio of the v, charged-
current cross-section to the v, charged current cross-section. (See equation 16). The notation
“cc” distinguishes events classified as charged-current due to the presence of a muon from
the actual charged-current events. For an incoming v, or v,, most charged current events
would be incorrectly classified as NC events.

Mo R 4 (1~ B)P (9)
Nuer 1 —P+7BP

obs
Ilnc" / “cc

"w —_
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Integrated over the neutrino spectrum from the Main Injector, = 0.24. By contrast,
the neutral-current cross-sections for v, and v, are equal. The signal of an oscillation thus
consists of a value of Repen/«» that is larger than expected. If our measurement yields

the known Ru,c»/«» ratio for v,, this allows a limit on the probability of oscillation to be
deduced.

In general, v, contamination of the beam will cause R?'?:c" it to increase. Both v,
neutral-current and charged-current events will be classified as neutral current. A 1% v,
contamination will cause a 4% increase in R, Juer- Ve's In the beam mostly come from
K.3 decay, and the K’s decay at the beginning of the decay pipe. Monte Carlo calculations
confirm that the spectrum of v.’s is not a strong function of angle. This background is
discussed further in the answer to Question 2.

The expected number of contained vertex events in the Soudan 2 detector can be written

as:
i3, (E)
dE
where N, is the number of target nucleons and @¢(£) is the neutrino flux. Using an assumed
injector beam with  10'* protons every 1.5 seconds and 100 hours of beam per week for

two nine month runs, we compute from equation 10 that the entire Soudan 2 detector would
record 6000 events with a contained production vertex.

N;; = Nuger + Nuper = /atot(E) Nng (]_0)

'Implementa.tion of the Ruyon/un test is discussed extensively in Section 4 in the answer
to Question 2.

3.2.2 R, Tests Using Muons from the Rock

We plan to measure R,/,, the ratio of muons from the rock to neutrino events with vertices
inside the Soudan 2 detector. We define the ratio R,/ as the ratio of incoming (muon)
events from the rock in front of the detector, to the number of contained vertex (neutrino)
events. The rate of muons entering the detector from v, charged-current interactions in the
rock is:

N, = 1.0 x 10"12GeV 2 / ~ dE,En(E,) (11)
0

The two E, factors come from the cross-section and muon range, both proportional to the
neutrino energy. The Fermilab beam would enter the detector (in the plan view) pointing
26.4°W of North. The long axis of Soudan 2 is oriented along the N-§ direction. The effective
area of Soudan 2 viewed from the direction of Fermilab is then 94 m? for the main detector
and 275 m? for the shield.

Using these muons from the rock, an additional neutrino oscillation experiment can be
done. We would look for a decrease from the expected number of muons N 5 due to v, — v,
oscillation:

N.=N2(1- P+ PyB) (12)
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In the absence of such a decrease, a limit on the oscillation probability, P, could be set. The
limit depends on the statistical error on N, and the systematic error on N:*. Note that the
full number of such events can be used in this calculation, whether or not they are in the
fiducial volume required for distinguishing between neutral and charged-current interactions.

The calculation of N;* depends not only on the measured number of contained vertex
events but also on knowledge of the energy dependence of the v, flux. To first order, the
density of the rock in which the muons are made does not affect the muon flux. In any
case, the rock in the vicinity of the Soudan mine has been well measured. In contrast to
the Rupenjucer ratio, we will be comparing the observed ratio R,/ to a calculated ratio, with
the rock muon rate having one extra power of E, in the numerator. Systematic errors due
to beam pointing, knowledge of the energy distribution of the beam, the geometry of the
detector and properties of the surrounding matter have been considered. No effects have
been identified which would introduce uncertainties larger than 1% in the measurement of
R,/u. An overall systematic accuracy in the measurement of this parameter of the order of
2% is expected. Note that the beam flux normalization (or time variability) does not affect

R#/V'

3.2.3 Rnear/far Test Using Soudan 2 Modules at Fermilab

The near station will give us data which we will use to normalize the beam flux. The muon
rate at Soudan can be normalized to the rate measured by the near detector. We call this

the Rn.ar/far test.

The statistical accuracy is that of the far detector. The systematic error is dominated
by our ability to accurately estimate the muon rate due to uncertainties in the energy dis-
tribution as a function of angle. Computer studies done on the proposed neutrino beam][1]
show that as long as the angle from the beam axis is less than 0.25 mr the systematic error
on the expected muon rate is less than 1.2%; the energy and rate as a function of angle are
shown in Figure 8. This requirement is straightforward to satisfy and has been achieved by
other Fermilab neutrino beamlines. Effects that we have not yet identified may limit our
knowledge of the absolute flux by 1.0%. Therefore we expect that our near station will give
us knowledge of the neutrino flux at our Soudan detector with a systematic error of about

2.0%.

This flux measurement can be used to normalize the muon rates in the detector to
search for both v, — v, and v, — v,. The latter mode represents the oscillation of v,
into a right handed neutrino, which would be “sterile”, i.e. both the neutral-current and
charged-current cross-sections would be zero. Recent cosmological argumen’s related to the
primordial Helium abundance preclude this mode in our area of sensitivity, however.[32]
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3.2.4 Using the Tests for the Mode v, — v.

In P-822, the v, — v, sensitivity is actually better than the v, — v, sensitivity using the
Ruper jucer test, because n = 1.0 and B = 0. Ppn, and hence sin? 24 is lower by a factor of
2.6 for v, — V.. (Prmin is defined in Section 4.1.) If the atmospheric neutrino anomaly is due
to this mode of oscillation, we would expect a large and consistent effect in the Ru,.» /e
R/, and Rp.ar/fer tests. These limits are shown in Figure 9. In the event that a signal for
v oscillation is measured in P-822, the Ru,c/u.» test and the hadronic energy distribution
could be used to separate whether the oscillations were due to v, — v, or v, — v,.

3.3 Hadron Beam calibration at Fermilab

To properly understand the response of the calorimeter to hadrons with energies up to 8
GeV the modules must be tested in a particle beam for two reasons. First, the “length”
of hadronic showers as a function of energy must be measured so that we can distinguish
charged from neutral-currents as in E-770. Second, the response of the detector vs. energy
is required so that we can measure the hadronic energy distribution; combined with the
information from the toroid (discussed below in Sec. 4.7), we can compare the observed
neutrino energy spectrum to predictions and check the observed y-distribution. Both are
necessary to provide a believable signal. As a natural choice the modules could be tested at
FNAL, e.g. in the NK beamline in Lab F.

The NK beamline was initially designed as a muon beam for Experiment 782 at Lab F.
It is being modified by Experiment 815 to serve as a hadron calibration beam. The NK
beamline optics will allow for the selection of production angles and beam momenta and is
equipped with collimators to adjust the beam rate and to removed off-momentum particles.
In this beamline 800 GeV/c protons from the Tevatron are delivered to a target in Enclo-
sure NE8 at a typical rate of 3 x 10! protons per accelerator cycle. NK secondary beam is
capable of transporting a negative beam with a momenta between approximately 10 GeV and
200 GeV/c. The modified NK beam consists of pions with an admixture of electron, muons
and antiprotons. The particle mixture depends very strongly on the momentum selected.
The particle types can be identified on an event by event basis with a Cerenkov counter
between Enclosure NEB and NKC (w, K, and antiproton separation), transition radiation
detector (e) in Enclosure NKC, and a backing calorimeter from the Experiment 815 (u).
Given that the distance from the target in Enclosure NES8 to Lab F is approximately 450 m,
low energy hadrons produced at the target will not be able to reach the P-822 calorimeter
modules in Lab F. An effort is presently underway to design a tertiary beam. Since En-
closure NKC is less than 100 m from Lab E (and even less to Ta% F), low energy hadrons
produced in Enclosure NKC will be able to reach the modules to be calibrated. The details
of what the tertiary been will look like has not been finalized but will involve the trans-
port of highest energy secondary beam (the highest momentum presently capable of being
transported through Enclosure NEB is 200 GeV/c) to the new tertiary target station in En-
closure NKC. The basic design in Enclosure NKC will consist of a target, a dipole, a dump
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and a dipole. A similar design tertiary beam was successfully used in the NW beam during
the 1991 fixed target run. Since Enclosure NKC will be approximately 65’ long after the
planned Experiment 815 modifications to it are done there should be adequate space within
Enclosure NKC. Cerenkov counters, quadrapoles and additional bends for good momentum
resolution could be installed within Lab F upstream of the modules to be calibrated. The
shielding around Enclosure NKC will be 3’ thick and should be adequate for the needs of the
tertiary beam target. The modified NK hadron calibration beam will be utilized to check the
energy calibration of the modules for hadrons, the mapping of the detector response at the
boundaries of the modules, and to study muon identification probability. These calibration
runs are expected to require about six months excluding the initial set-up time.

3.4 Event simulation

In order to demonstrate the power of P-822 to study neutrino oscillations, we have run a
Monte Carlo simulation of v, and v, events in our detector. We have calculated the v,
spectrum at the far detector using the program NUADA, the fraction of other neutrinos
using a program developed by P-803, and simulated p’s,e’s,7’s and hadronic interactions
in our detector with a Monte Carlo developed in Soudan 2. The Soudan 2 Monte Carlo
was written within the collaboration and has been used for a number of years to simulate
the wide variety of physical processes that are studied with the Soudan 2 detector. It has
played a crucial role in our analysis of nucleon decay and atmospheric neutrinos. The event
generation component of the Monte Carlo includes quasi-elastic scattering and resonance
production in addition to deep inelastic scattering. Cross-sections for v, interactions have
also been carefully studied. The detector simulation component of the Monte Carlo is very
comprehensive: particle tracking in an exact detector geometry, energy deposition in gas,
digitization and electronics readout are all simulated. It utilizes the SLAC EGS routines for
electromagnetic interactions and the GEISHA routines for hadronic interactions. It produces
electronics readout in a format indistinguishable from real data.

Calculation of v, event rates is complicated by the fact that most standard calculations
of cross-sections neglect terms proportional to the lepton mass. For v, charged-current
interactions the contributions from such terms can be significant. Cross-sections for quasi-
elastic scattering that include terms proportional to lepton mass have been calculated by C.
Llewelyn-Smith.[33] Here one must include the usually neglected pseudo-scalar form factor
F,, and make some assumption as to its functional form. Following Llewelyn-Smith we take

2M2FA(q2)

2 _ 2
mr—q

Fo(¢’) = (13)
which follows from the condition that the axial current would be conserved if m, were
zero.[33] The inclusion of F, in the quasi-elastic cross-section for v, has the net effect of
further reducing the cross-section ( by about 4% for energies around 15 GeV). One must
undertake a similar procedure for the resonance production cross-sections. In addition to
the usual phase space reduction we further reduce the cross-sections by the same factor as
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the quasi-elastic cross-sections. Our cross-sections for resonance production are taken from

the work of Rein and Seghal.[34]

For deep inelastic scattering (DIS), we use the expression for the differential cross-section
calculated by Albright and Jarlskog.[35]

d2 a.u,ﬁ

dedy

CHE{(ay + 35p)vFr + (L - y) — (Jay + Bs)|Fa &

[zy(1 - §) - 25| Fs £ Bx((May + 25)Fs — LR} (14)

We are now faced with the task of finding an appropriate form for F; and Fs. Follow-
ing Albright and Jarlskog, we take Fy = 0 and zF; = F; which are consequences of the
assumptions 2zFy = F, and zF3 = F,. The DIS v, cross-sections we have calculated in
this fashion have been compared to an independent calculation carried out by Roger Phillips
of RAL. Phillip’s calculation follows from first principles of the quark model. Despite the
different approximations involved, the two calculations are in good agreement. The form
factors F; and zF3 are then computed from the parton distributions in a standard fash-
ion. Qur charged-current and neutral-current DIS routines employ the CTEQ1M parton
distributions.[36] Figure 10 shows the quasi-elastic and deep inelastic v, cross-sections we
have calculated.

Figures 11-13 show a representative v, neutral-current, v, charged current, and v,
charged-current event respectively. Each event is shown with the whole detector view,
and with one view magnified around the event vertex. The 7 event, which had the de-
cay 7~ — w - m°m°v,, looks topologically like the neutral-current events, just as we would
expect. In Figure 14 is shown a v, charged-current event. This also has the appearance of a
neutral-current event in our detector.

3.5 Shield Upgrade

We propose to augment the present Soudan 2 active shield with additional proportional
tube panels to convert the shield to a stand-alone detector of muons emerging from the
upstream rock. The 275 m? shield cross-section (as viewed from Fermilab) is nearly three
times larger than the cross-section of the central detector. The correspondingly larger yield
of rock muon events will improve the statistical accuracy of the numerator in the R/, test.
The R,/ test, while prone to more systematic error than the Ruper/u.» test, provides an
important check of our understanding of the neutrino beam energy distribution since the
rate for emergent muons includes E, factors both for the neutrino cross-section and for the
range of the muons in the rock. An enhanced shield, capable of triggering on rock muons
alone, would also provide an electronics path for measuring the intensity of the Fermilab
neutrino beam, which is independent of the electronics of the calorimeter.

The active shield consists of panels of two-layer proportional tubes (constructed at Tufts)
arranged to form a 134 m x 9.5 m X 31 m rectangular parallelopiped which surrounds
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the central detector. Some augmentation of this base shield has already been performed.
Five panels of single-layer proportional tubes (obtained from the Harvard-Purdue-Wisconsin
experiment) have been placed on the ceiling. The HPW tubes are oriented at 90° to the
Tufts tubes to enable particle tracking. We have already in the Soudan mine enough HPW
tubes to complete the double coverage of the entire ceiling and floor. In addition we have
available in the mine 900 m? of single-layer proportional tubes obtained from the TASSO
experiment at PETRA.

Our experience with the performance of the active shield as presently constituted allows
us to determine the level of enhancement required to convert the shield to a stand-alone
detector. The principal problem is that the shield must be equipped with a stand-alone
trigger. The single-layer panels now available are not adequate to produce such a trigger.
It is essential to have additional panels of two-layer tubes to cover the two side walls (north
and west) of the shield which are opposite to Fermilab. The tubes in the add-on panels
would be oriented at 90° to the tubes in the adjacent Section of the base shield. The great
utility of the two-layer tubes arises from the ability to form a coincidence between the two
layers. Measurements in the mine show that the two-layer coincidence rate is only 1% of
the single-layer rate. Both rates are primarily the result of radioactivity. We would build
the additional two-layer tubes and associated electronics in precisely the same fashion as for
our original shield. Since only a continuation of earlier effort is required we can accurately
estimate costs. Panels sufficient to double cover both the north and west walls would cost
$200K.

The signature for a through-going muon emerging from the rock would be the triple
coincidence of two-layer coincidences. Two of the coincidences would come from overlapping
panels on either the north or west walls and the third would come from any of the panels on
the remaining four walls of the shield.

The trigger rate expected due to radioactivity is calculated to be 0.006 Hz. This rate is
negligible and is of even less concern if the experiment is gated on only during the Fermilab
beam spill.

The expected rate of cosmic ray muons passing through the shield at various zenith angles
can be calculated from rates already measured in the Soudan 2 experiment for nearly vertical
muons and from muon angular distributions measured previously in the nearby Soudan 1
detector. Any through-going muon which passes through the north or west walls will satisfy
the trigger requirement. The flux of vertical muons in the Soudan 2 cavity is measured to be
0.0010m~2s~'sr~1. The angular distribution measured in Soudan 1 is used to calculate the
flux through a vertical surface of muons with zenith angle 4 greater than a specified minimum
value. The results are 0.0003m~2s~! for § greater than 50°, 0.0001m 25! for 4 greater than
60°, and 0.00001m~2s~! for"@ greater than 70°. The flux of nearly horizontal (§ > 70°)
cosmic ray muons through the 420 m? area of the north and west walls over a 9-month run
is then expected to be roughly 100,000. This background can be reduced substantially by an
azimuthal angle cut which requires the muon to have come from the direction of Fermilab
but it is clear that the Fermilab duty cycle (1 ms/1.5 s) information is required to reduce
the background to a tolerable level of less than 50 muons.
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The muon tracking capability (x,y measurement on each of the six walls) would be com-
pleted by installing the TASSO panels on the east and south walls. The spatial resolutions
of the various proportional tubes are 20 cm for Tufts, 15 cm for HPW and 4 cm for TASSO.
The path length within the shield would be typically more than 10 m so we may expect an
angular resolution of roughly 1 ° for the stand-alone shield.

The expected costs of the upgrade are given below in 1994 dollars

Equipment costs (tubes and electronics):  $400K

- Installation (6 FTE x 3 years x $35K): $560K
Support structure: $ 40K
Contingency (20%): $200K
Total $1,200K

3.6 Operation of the Laboratory

Plans call for the Soudan 2 detector to operate through 1998, well before the operation of
this long baseline experiment. We estimate future operating costs in Table 6.

Present Soudan 2 Soudan 2 + toroid

Item Soudan 2+ toroid + 8 kton CF detector
Mine crew FTE 6 8 10

Hours of access/week 50 66 96

Mine crew salaries ‘ $240K $320K $400K

DNR (hoist, electricity,overtime)  § 50K $ 70K $200K

Gas $ 50K $100K $150K
Supplies, misc. $110K $150K $200K
Total/year $450K $640K $950K

Table 6: Steady state laboratory operations costs (1994 $)
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4 Answers to Questions of June 1993

4.1 Question la —Limit Curves

What specifically limits the sin?20 and Am? range?

In general, the minimum sin? 24 detectable by any experiment depends on the sensitivity
of the test employed. The minimum Am? depends on both the sensitivity and L/E , the
distance the neutrino has travelled and the energy of the beam. The sensitivity of a test
depends on the statistical and the systematic errors. The derivation of the limit curves is
given in Goodman and Snyder.[37] The complicated shapes are due to energy integrals. It
is instructive to consider straight line approximations to the limit curves, following Parke
and Bernstein,[38] which are then easy to scale for various other assumptions. A detailed
comparison of various parameters and how they affect the limits is given in appendix A.
Here we focus on the neutral current to charged current limits for the case v, — v,.

The oscillation probability is given by

Rﬂb'"/“ , — Rtrue
Py o = nc” / “ec 15
g 77(1_3)+sz:¢"/“:::"(1_Bn) ( )
where R'™¢ is the expected neutral-current to charged current ratio, R%%,,. . is the mea-
sured ratio, B = 0.17 is the branching fraction 7 — pX, and
v.(E)o,(E)dE
_ [on(B)S(B)ME _ . | )

1= o, (E)¢(E)E

using the Main Injector neutrino spectrum. 7 takes into account the fact that the v, charged-
current cross-section is lower than the v, charged-current cross-section throughout this en-
ergy region.

In the absence of oscillation, an experiment can set a limit on P in equation 15, defining
Prin. At 90% confidence level, R%®.,. » — R = 1.29 or (for a one-sided Gaussian).

nc" / “ec
Putting this into equation 15,
Prin = 2.5605 (17)

oR is a combination of systematic and statistical error:

stat syst

() = () + () (18)

Keeping just the statistical error,

1.87
VN
where N is the number of events. For a two year run, P-822 should see 6000 events in the
existing one kiloton detector with 4500 events in the fiducial volume. Thus Pp;, = 0.020,

Prin = (19)
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and we get limits sin? 26 = 0.040 and Am? = 0.0019 eV? as shown in Figure 15. A systematic
error of 2% added in quadrature with this statistical error leads to a Ppin = 0.032, and limits
sin? 20 = 0.064 and Am? = 0.0025 eV2. For our base running assumption, the statistical
errors and systematic effects will each contribute a similar amount to our sensitivity. A run
with lower intensity or time than we have assumed will be dominated by statistical errors.

We can compare these limits with those that could be obtained with an 8 kiloton cavity
filler in addition to Soudan 2 under the same running conditions. The statistical limits would
give Ppin = 0.0066, and limits sin? 26 = 0.013 and Am? = 0.0011 eV?. However, adding a
2% systematic error in quadrature would lead to Pn;, = 0.018, and limits sin®28 = 0.037
and Am? = 0.0019 eV'2. The burden on a cavity filler design is not only to keep costs low,
but also to keep possible sources of systematic error in og/R to below 0.5%.

Our studies of systematic effects discussed in the following answers make us confident
that we can maintain a systematic error of 2% or less using the Soudan 2 detector, thus
ensuring that the systematic error is less than the statistical error. Extensive Monte Carlo
and beam studies are still necessary to determine whether systematic errors of 0.5% or less,
necessary to justify the increased statistics of a cavity filler detector, can be achieved.

4.2 Question 1b —Thresholds

Provide an outline of the analysis procedure including discussion
of thresholds, smearing effects, acceptance corrections, etc.

e Thresholds

The Trigger threshold in the Soudan 2 detector is 50% efficient for a neutrino energy of
300 MeV. Thus except for a fraction of the v,p elastic scattering events, Soudan 2 will
trigger on virtually all of the Main Injector neutrino beam events which interact in the
detector. The Soudan 2 trigger is discussed in detail elsewhere,[39], but is basically 7
or 8 local hits, depending on geometry. Most triggers are due to throughgoing muons
which enter from the ceiling and leave through the floor. About 30% of the triggers
are due to random radioactivity. We measure about 75 events per year of atmospheric
neutrino interactions and a similar number of neutral particles coming out of the rock
accompanied by other shower particles in our active shield. These latter showers are
presumably all due to cosmic ray muons. Our simulation shows that we trigger on 97%
of neutrino interactions from Fermilab which interact anywhere in the detector. Thus
the P-822 proposal could proceed with no change in trigger.

e Backgrounds

The two important kinds of beam associated events are the throughgoing muons from
the direction of Fermilab, and neutrino events with a vertex in the detector. For both
categories of events, we have calculated the rate of background cosmic ray events and
found it to be acceptably low (2-5 events over two years). We have not yet estimated
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the backgrounds for incoming showers and incoming stopping muons but those events
are not used in any limits described in this proposal. The backgrounds for all of these
classes can be measured using the present Soudan 2 data sample. This analysis is
currently under way to confirm our predictions.

Analysis procedure

Preliminary event processing would be similar to present practice described in Ap-
pendix B2. Events associated with the Fermilab beam spill will be collected on sepa-
rate tapes for further analysis. The most straightforward analysis tasks are to identify
the presence of a vertex and the presence or absence of a long track. Track finding
algorithms in the Soudan detector exist.[40] To date, vertex recognition has been ac-
complished by scanning.[41]. For orientation, a charged current Monte Carlo event is
shown in Figure 16. Based solely on the track and vertex information, events will be
categorized as follows:

1. A throughgoing muon. Tracks are expected to enter the south or east wall and
exit the north or west wall and their angle will be within 10° of the Fermilab
beam direction. '

2. An incoming stopping muon. Tracks will enter the south or east wall and stop in
the detector.

3. An incoming shower. Segments of showers will appear on the south or east side
of the shield and detector. There may also be a track associated with the shower.

4. Contained vertex event. Contained vertex events should have no shield hits on the
south and east walls. Our goal is to distinguish the neutral and charged-current
events. First we present a simple analysis algorithm:

— If the event has a non-interacting track longer than 3 meters (480g/cm?), it
is classified as charged-current.

— Among the events left, if the event has a track from the vertex which exits
the detector, the event is classified as outside acceptance.

— The remaining events are classified as neutral current.

The 3 meter cut has not been optimized. The length of the muon tracks in an (infinite)
Soudan detector is shown in Figure 17. The angle of the muon tracks with respect to
Fermilab (the neutrino direction) is shown in Figure 18. Also, the distribution of track
lengths in the detector for p’s, 7’s and p’s is shown in Figure 19.

When scanning the events, it is clear that this simple algorithm does not take advan-
tage of all the information. Other event characteristics useful for NC/CC separation
are: straight tracks from the vertex along the beam direction, hadron energy deposi-
tion, interactions along the tracks, quasielastic (and hence low hadron energy) event
topologies, event ionization (for u/p separation), hits in the shield, and unusual geo-
metrical effects, such as tracks which leave the detector and reenter it. Many 1-3 meter
tracks from the vertex will be muons. Using additional information during scanning,
more events will be accepted and classified than with the simple algorithm. In order
to take advantage of this information, more sophisticated pattern recognition software
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must be developed since the events are in general much larger and more complicated
than are dealt with in the current Soudan 2 software. In this document, we present an
analysis using the simple algorithm and by scanning.

¢ Acceptance corrections

In Section 4.4 we discuss the NC/CC confusion matrix and the acceptance for the two
methods described in the last Section. The result is that the acceptance is 66% +2% for
the simple algorithm and 74% +3% for the scanning. The quoted errors are statistical
Monte Carlo errors, which will be negligible when the experiment runs.

¢ smearing effects

Hadronic energy resolution does not affect the event classifications listed above. How-
ever, hadron energy resolution and e/n separation are useful additional measurements
to complement the Rupcr/«.n test. This is discussed further in the answer to Question 5.

4.3 Question 1c —Calibration

Outline the strategy to determine the detector calibration and
resolution and their implications for the measurement of the hadron
energy spectrum and the neutrino energy spectrum.

Soudan 2 modules have been calibrated in low energy lepton and hadron beams as dis-
cussed in appendix B. Tests in higher energy hadron beams would be required for this
experiment, and are briefly described in Sections 3.3 and costs are included in 4.5. Detectors
in situ are monitored using cosmic ray muons. The number of cosmic ray muon events is
about 10 million per year.

The major purpose for the hadron beam calibration would be to permit the measure-
ment of hadronic showers which fake charged-current events. The two components of this
misidentification would be long penetrating hadrons and decays of ='s and K’s in the hadronic
shower into muons. Both contributions could be studied with sufficient statistics to check our
Monte Carlo simulations, and verify the corrections that are required. Running the detector
at a variety of angles, and using different energy hadrons will increase the reliability of that
comparison.

The implications for measurement of the hadron energy spectrum are discussed together
with the muon momentum measurement in the answer to Question 5.

4.4 Question 2 -NC/CC Identification

Question 2a How big is the correction to charged-current events
from muons that are not separated from the hadron shower? How
well is this correction likely to be known?
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Question 2b How big is the correction to the NC event rates for
exiting tracks that lead to classification as CC events? How well
is this correction likely to be known?

Question 2c Are there other contributions to the NC/CC misiden-
tification matrix? What are they and how much do they con-
tribute to the systematic uncertainty in R?

Question 2d In general what are the magnitudes and uncertain-
ties in the various contributions to the observed NC/CC ratio in

the near and far detectors? Simulation with expected detector
resolutions, thresholds, and cuts should be used in this analysis.

These four questions all address the issue as to how well the NC/CC test can be used to
look for oscillations. With perfect event identification we would expect to measure R to be
0.31 in the absence of oscillations. In a fine grained calorimeter such as Soudan 2, the track
length is a powerful criterion to separate muon tracks from hadrons.

We define a charged-current event to be one with a non-interacting track of three meters
or more emanating from the primary vertex. Elements of misidentification in the “confusion
matrix” are shown in Table 7. One key question is the fraction of charged-current events
in which the muon does not get out of the hadron shower. In a Monte Carlo run of 7601
charged-current v, events, 450 had a range of less than 480g/cm?. At that range, they would
fail to travel 3 meters in the Soudan 2 detector. This is 6.0 £ 0.3% of the charged current
events, where the error is statistical based on that Monte Carlo statistics. Soudan 2 will
contain only a very small fraction of these muons. The fraction of muons which stop in the
detector (presently based on a smaller statistics simulation, 22/308) is 7.1%.

In general, charged current events with a track shorter than 3 meters will be classified
as neutral current events. However many events with short muons will be low energy events
with only small numbers of hadrons produced, and it may be possible to identify them
correctly with more detailed selection criteria. In a sample of 310 neutral current events, the
longest track went more than 3 meters in 9 cases.

A bigger problem than the misidentification of low energy muons is the classification of
events near the edges of the detector whose tracks exit with a potential path length of less
than 3 meters. One choice is to restrict the fiducial volume. Such a strategy is not optimum
in a long baseline experiment which is limited by statistics. At the expense of some increase
in misidentification, we keep and classify events throughout the detector. If an event has
tracks which exit the detector before it can be determined whether they are hadrons or
muons they are classified as “outside acceptance”. These events can not be used for the
Ruper jucer test but they are still useful for the R, /, test.

In order to study the systematic errors to Re,en/«.» we have studied simulations of NC
and CC events in our detector, using the beam spectra discussed in Section 4.5. Events
were fully simulated in the total mass of the detector. We have not yet finalized our best
analysis strategy and thus the statistics of the Monte Carlo studies are at present small.
Two physicists each scanned 489 events, and then compared their classification to the Monte
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Carlo “truth”. Events were classified in 3 categories:
g

1. Charged-current (CC);
2. Neutral-current (NC);

3. Outside acceptance;

Factors which affected the classification included multiple scattering of the longest track,
other interactions along the tracks, geometrical considerations, kinks along tracks, and energy
flow with respect to the direction of Fermilab. The result of the scan is in Table 8. It is seen
that the scanners were correct 91% and 93% of the time. The acceptance, i.e. the fraction
of events useful for the Ruper /. test was found to be 74%.

We note there are modest asymmetries between NC and CC in the events rejected as
“outside acceptance”. If there is an event near the edge with hadrons which exit the detector,
a long p may still be visible and the event is a clear CC. Had such an event been a neutral
current one, it would have been classified as “outside acceptance”. ‘Neutral current events
located near the edge of the detector may have all of the tracks from the primary vertex
interact before leaving the detector. Had an event like this been charged current, the muon
would not have been long enough, so it would have been classified as “outside acceptance”.
The first effect is somewhat bigger, leading to a higher fraction of charged current events
in the acceptance for scanning. Of course, at the expense of statistics, these effects can be
checked by defining a reduced fiducial volume which ensures hadronic containment.

A simple program was written which categorizes the longest track in the event. This
program was correct in 93% of the cases in which it decided to make a choice. It found an
acceptance of 66%. The program has not been optimized to use all events in the acceptance
which carry useful information. Also, at present, it is not using reconstructed track lengths
for the comparison. We expect there needs to be considerable program development until
the program can be as good as a scanner.

Although our study is by no means complete, the number of off-diagonal, misidentified
events is small. The misidentification will be corrected by applying the same algorithm
to the Monte Carlo events, leading to an error on the correction which is a small fraction
of the error itself. In addition of course the ratio in the far detector will be compared to
that measured in the near detector with very similar experimental biases. Even with this
small statistical sample, we find that the ¢/ R from event misidentification, after corrections
based on applying the same algorithm to the Monte Carlo events, will be less than the 2%
required to better the statistical accuracy. There is also the potential that further Monte
Carlo studies could lead to a smaller misidentification.

Events from v, charged current interactions will appear to be neutral-current events in
all of our tests. The correct fluxes of each neutrino type are included in the simulation. The
fluxes are well understood and will be checked in the near detector, as is discussed in the
next Section. The v, events will be less than 2% of the event totals, and the uncertainty on
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that fraction will be less than 20%. Therefore we do not expect the systematic error from
the v.’s (or 7.'s) in the beam to contribute to our measured Runer /v ratio, after correction.

The largest present uncertainty in the NC/CC misidentification is the differences between
the edge effects in the near and far detectors. This issue is addressed again in the next
Section.

Apparent CC Apparent NC

True CC correct | low energy muons

cracks

v, events

edge effects

True NC | hadron punch through correct
edge effects

Table 7: Contributions to the CC/NC confusion matrix.

CC | NC | outside acceptance |

Scanner 1:
True CC | 244 ] 20 101
True NC 6 82 22
v, 0 4 0

Scanner 2:
True CC | 244 | 14 108
True NC| 16| 69 20
V. 0 4 0

Table 8: CC/NC confusion matrix by scanning

CC | NC | outside acceptance

True CC | 727 | 64 484
True NC 9| 301 83
v, 0 5 0

Table 9: CC/NC confusion matrix by program

4.5 Question 3. —Near Detector

Provide details on how to determine and handle the difference
between the near detector and far detector geometry and analy-
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sis. In particular, what are the following parameters: angular di-
vergence, electron neutrino component, antineutrino component,
and energy spectrum, for the beams in the near and far locations?
What are the contributions to the final error from uncertainties
in these effects?

We have used the Fermilab neutrino Monte Carlo NUADA to calculate the energy spectra
of the v, neutrino events at the near and far detector. The event spectra at the location
of the near detector for 5 radial slices of the beam is shown in Figure 20. In Figure 21 we
show the event energy spectrum at the far detector location (730 km) and have normalized
it to the central radial slice at the near detector, » < 0.25m. It is seen that there is little
difference, despite the huge differences in the five near spectra. The central 25 cm of the
beam at the near detector represents the beam at the far detector.

In order to estimate the ve,V, and U, event energy spectra, we have used this P-803
Monte Carlo.[3] Restricting ourselves to the central 0.25 meters of the beam, we get the
neutrino fluxes shown in Figure 22. We obtain the following flux ratios: v, : v, : ¥, : J, =
116,110 : 781 : 1749 : 122. It is seen that the v.’s are less than 1% of the beam, and v,’s are
less than 2%.

At a distance from Fermilab which is large compared to the length of the decay pipe,
the neutrinos appear to come from a point source. In Figure 23, we show the event energy
spectra from various neutrinos for a detector at 10 km. (It is not practical to run this Monte
Carlo at 730 km.) The neutrino ratios are: 13724:73:247:18. Again, the conclusion that the
central part of the beam at the near detector matches the beam at the far detector is valid.

The near detector will be much smaller and have much larger statistics than the far
detector. However, the geometry will be different, which will lead to different acceptance
corrections. We estimate 12 modules in the near detector (1 high x 3 wide X 4 deep) versus
224 in the far detector (2 high x 8 wide x 14 deep) at an angle of 27°. We will run the near
detector at the same angle as the far detector (see Figure 24). For some analyses, we will
restrict the events in the near detector to those in a radius of 0.25 meters from the center of
the beam, in order to match the energy spectrum at the far detector.

For the Rupcn/u.r test, restricting ourselves to the 4% acceptance that matches the far
detector beam, we will still have over 10® events to use. This would correspond to an error
on Rupgruqer (statistics only) of og/R = 7.3 x 10~*. We would use the full acceptance and
compare our answer in the near detector to E-815’s result, which will be g/ R = 0.002. We
would expect, after acceptance corrections, to match that answer to 0.01 or better. Without
a cavity filler, the statistical error in the far detector would be greater.

A neutral current event in the near detector geometry is shown in figure 25. A charged
current event in that size detector is shown in figure 26.

Since the event rate in the near detector is very high we can restrict the target volume for
comparison with the far detector to the central 25 cm of the beam and to the first module in
the stack. This ensures long potential lengths for all tracks from the vertex. We will, in the
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near future, repeat the analysis described in question 4.4 in the near detector. We estimate
at present that a near detector of the size described here will be adequate to keep geometrical
differences to a size that can be corrected by the Monte Carlo to leave systematic errors of
less than 2%. If detailed analysis should show this not to be true, then the size of the near
detector could be increased without seriously increasing the costs or affecting the operation
of the far detector. The following checks will also be available.

o The statistics in the near detector is large. We will be able to study not only millions
of events in the part of the beam similar to the long baseline energy spectrum, but
millions more with a similar range of energies closer to the edge of the detector.

¢ We may choose to run part of the time with the near detector offset with respect to the
beam axis, in order to sample more geometrical effects with the central 0.25 m radius
of the beam.

o These effects can be studied in considerable detail during the hadron calibration run-
ning.

There is a potential problem from pileup using Soudan 2 as a near detector. The Soudan 2
drift times is about 86 microseconds, and the total window to record drifting events is about
200 microseconds. With the high Main Injector fluxes that are anticipated, and using a
50 ton near detector, we could expect 15 events per 2 millisecond spill. Thus the neutrino
events themselves would not be a large problem. We note that with existing electronics, we
can trigger only on one event per spill. Depending on their rate, throughgoing muons from
upstream interactions (such as in the P-803 magnet) might present a pileup problem. A
high efficiency active veto counter upstream of Soudan 2 would alleviate this if it turns out
to be a problem. Other scintillation counters will be used in a trigger where required.

The twelve modules will be arranged in a 4 m x 3.5 m x 2.5 m (high) structure, weighing
50 tons. These modules will be removed from the Soudan 2 detector, and will be calibrated
in a charged particle test beam at Fermilab before it is moved into the P-822/P-803 neutrino
beam. Many of the electronics and gas system components needed to operate them already
exist.

We estimate the following timetable for these test beam exposures:

Set up detector in charged particle test beam: 6 months
Check out operation and performance: 3 months
Charged particle test beam exposure: 3 months
Move to neutrino beam: 6 months
Neutrino beam exposure: 2 years

We have made the following preliminary cost estimate:
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Electronics, High voltage, data acquisition equipment: $200K

Gas, tapes, supplies $ 30K
Mine crew travel/living at Fermilab $ 70K
Contingency (20%): $ 60K

Total $360K

We will request the following help from Fermilab:

o Steel detector support structure
e 2 man years technician effort
e 0.5 man years engineering effort

o Computing facilities

4.6 Question 4 —803

Would a muon identifier help in the near detector? If so, what
kind of muon detectors have you considered? If it would not
help, why not? What information from P-803 is needed in the
analysis?

As we have discussed in detail elsewhere in this proposal, the fine grain and large size
of Soudan 2 allows precise reliable classification of events into CC and NC (i.e. having or
not having a muon). For the near detector, our intent is to deploy enough Soudan detector
modules to be able to achieve the same high precision event classification as at Soudan 2.
Therefore a muon identifier is not needed for the near detector. The related issue of the
importance of making a muon momentum measurement at the near detector is discussed in
our answer to Question 5.

- We expect to rely on P-803 for the following information:
e The v,, v., U,, and 7. components of the beam, as a check on the beam composition

Monte Carlos.

o The radial dependence of the energy spectrum compared to that predicted by the beam
Monte Carlos, particularly the muon energy spectrum.

e A beam flux measurement which can serve as a check upon our own measurements.

e Hadron energy distribution for CC and NC events. This will serve as a check on our
own rather precise measurements of these two spectra in our near detector.
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¢ A high statistics measurement of NC/CC for neutrino interactions in this energy range,
and an estimate of the contribution of neutrino induced charm production just above

threshold.

4.7 Question 5 -Muon Toroid

The Panel recognizes that the observed CC events are not those
which oscillated. However, the Panel continues to believe that
a measurement of the neutrino spectrum at the far location is
important for controlling the systematics. Discuss measurement
of the muon momentum in this context.

The principal reason for measuring the muon momentum spectrum at the far detector
is to verify that the observed distribution is consistent with expectations based upon the
neutrino beam design, the best-fit oscillation parameters measured using the other methods
described herein, and the muon spectrum measured by P-803 at the near detector. For most
values of Am? and sin? 26 in the range over which this experiment will be sensitive, only small
changes in the muon spectrum at Soudan will be caused by the oscillation. Nonetheless, at
the lower end of our Am? range, a measurable change in the muon spectrum could occur (at
its low momentum end).

There are two ways to make a muon momentum measurement, by range and with a
magnetic deflection measurement. A small fraction of the muons, about 7%, will range out
in the Soudan 2 detector, yielding a momentum measurement for those events. One such
muon from our Monte Carlo is shown in Figure 27. The momentum of this 2.3 GeV muon
can be determined from its range to 11%.

There are several kinds of apparatus enhancements which can give range measurements
for a larger fraction of the muon events. A passive dense absorber followed by muon detec-
tors could increase the 7% to perhaps 15% or greater, using the existing space around the
Soudan 2 detector. Another, less promising, idea which we are exploring is to instrument
the rock for range measurements, using holes in the wall and placing detectors in them.
Of course, all of these range measurements will be confined to the muons of relatively low
momentum.

To measure muon momentum by magnetic deflection, we would place a 1 meter thick iron
toroid on the north end of the Soudan 2 detector. This location would result in a toroid muon
acceptance of about 50%. With drift chambers before and after the toroid, we could achieve
a muon momentum resolution of about 20% throughout the entire muon spectrum. (This
toroid would also act as a passive absorber, increasing our range measurement capability.
Such an absorber also functions as a muon identifier and will allow some increase in the
usable neutrino interaction fiducial volume of Soudan 2.) '

This toroid, shown in Figure 28, is a substantial object of approximately octagonal shape,
standing 8.5 meters high and weighing 600 tons. Because of the underground location, it
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would be made of many pieces of iron and probably would be magnetized by a superconduct-
ing coil. Overall, the toroid and drift chambers could be quite similar to the forward toroids
which have been designed and costed for the SDC. Based on the SDC work [SDC-92-201],

we estimate the following costs:

Iron $1300K
Drift chamber system 500K
Coil system 400K
Installation 200K

Total $2400K

Table 10: Toroid Costs (1994 dollars)

There is another important issue to consider in deciding whether to add muon momentum
measurement capability to Soudan 2. That is the fact that by measuring the hadronic energy
spectrum of NC and CC events in Soudan 2, we will already have accurate and important
spectral information of the type discussed above.

The measurement of the muon momentum is related to the measurement of the hadron
energy spectrum. Measurement of the hadron energy spectrum is important for two reasons:

¢ Comparison of the hadron energy spectrum for charged-current events is an important
check that the near and far detectors are measuring the same region of the neutrino
beam. )

o Comparison of the hadron energy spectrum for neutral-current events is an additional
test for v, — v, oscillations, to the Runer jucen, Ry and Rpeqr /far tests. In the presence
of v, — v, (or v, — v.) oscillations, there would be more high hadron energy events
in the far detector.

In order to study the value of the muon toroid, we have used our Monte Carlo to compare
the energy distributions which could be measured in the near and far detectors. The true
muon momenta have been smeared with:

AP#
Pu

= 20% (20)

ard the hadronic energy has been smeared with[42]:
AE 40.0

We have used the central 0.5 m of the beam for the energy spectrum at the near detector.
The smeared E,, Ehoqg and Eyoiar = E, + Epaq distributions for charged-current events in
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the near detector are shown in Figure 29. The distributions using the far energy spectrum,
and the statistics of our base assumptions, is shown in Figure 30. The acceptance for
containing the hadronic shower will be about 80% of the acceptance for neutral-current-
charged-current separation. The toroid acceptance will further reduce the acceptance for
the E;,; measurement by a factor of two.

The two smeared total energy plots are shown together in Figure 31. It can be seen
that our measurement of the charged-current event energy is sensitive to the difference in
the two spectra. We will certainly measure any shift in the energy spectrum which is larger
than the difference between our two assumed plots. The difference between the neutral
current to charged-current ratio for the two energy spectra will be less than 1%. Given the
measurement of the expected energy distribution in Figure 30, it will be possible to correct
for some of that difference.

A muon toroid system clearly adds to the reliability of this experiment, and is included
as part of this proposal. The addition of this system to the proposal requires additional sim-
ulation which is not yet included in our Monte Carlo. We expect to repeat these studies with
the full detector Monte Carlo of the toroid system, and include the additional information
in the NC/CC separation, and report to the PAC in the spring of 1994.

4.8 Question 6 ~Expanded detector

How much, and at what cost can the detector be expanded in its
present locatlon?

A floor plan of the Soudan laboratory is given in Figure 32. The amount of space that
can be utilized for the detector has been estimated at about 3/4 of the space not presently
utilized by the Soudan 2 detector. We believe that filling the remaining space with Soudan
modules would be quite expensive. There is room for 3 kilotons of Soudan 2 in the cavity.
Based upon our experience in building Soudan 2 modules, we can accurately estimate the
costs in Table 11.

The Soudan 2 detector is a high resolution pictorial device. Costs and space constraints
would prohibit the building of 10 kton with a similar resolution. The aim of such a cavity
filler would be to identify muons from charged-current events by range, and measure the
hadronic energy in a calorimetric fashion. This can only be achieved by an increase in the
thickness of the passive material from 3mm to 1-2 cm. The threshold for neutral-current
events in such a detector would be 1 GeV or more, much higher than the Soudan 2 threshold.

Design considerations of a cavity filler are discussed in the next Section. An element of
such a detector is illustrated in Figure 33. We define the steel thickness s, the detector wall
thickness a, and the gas thickness g. For a steel thickness s and density d, = 7.8g/cm?, with
2a = 5 mm and g = 10 mm, and d, = 3g/cm? (like aluminum), we could put 4 to 11 kilotons
of detector in a space 8 x 10 x 25m?, depending on s. This is shown in Table 12.
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Modules $14520K
Module Assembly Manpower 1560K

Module Installation 1560K
Module Support Structure 1748K
Gas System 60K
Electronics and High Voltage 4700K
Total (1993 §’s ) $24148K

or $24M

Table 11: Costs for tripling the size of Soudan 2

s|m 8x8x24|8x8x24 8x10x25[8x10x25
mm | g/cm?® | kton chambers kton chambers
512.70 4.10 48000 5.4 56250
10 | 3.75 5.76 38400 7.5 45000
15 | 3.75 5.76 38400 8.8 37500
20 {1 4.8 7.49 27400 9.76 32109
25 | 5.25 8.06 24000 10.5 28125
30 | 5.53 8.49 21320 11.1 24984

Table 12: Density versus size of cavity filler options.
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5 Cavity Filler

Preliminary studies have begun to define a detector that could be constructed in the cur-
rently unused space in the Soudan laboratory which would give up to an order of magnitude
higher statistics than can be obtained with Soudan 2 alone. This would yield a factor of
roughly three smaller errors. The detector has to be designed to keep losses and event
misidentification to a minimum, as these effects have to be corrected by Monte Carlo. The
criteria we have adopted are

1. A planar geometry for simplicity of construction and optimum event definition given
a known beam direction.

2. Steel target plates for compactness and precision of construction to obtain the maxi-
mum detector density.

3. Event losses and misidentifications should be less than 20%. These can be corrected
to give less than 1% errors on sin? 26 using the near-far detector comparison and a not
very demanding Monte Carlo simulation.

4. Detecting elements must also be compact and cheap.

Table 13 shows the results of a simulation using the expected neutrino beam spectrum
at the far detector for various steel thicknesses and trigger conditions.

lcmiron 2cmiron 4 cm iron

% events crossing 10% 17% 53%
less than 5 planes

% events < 6 hits 11% 15% 36%
in hadron shower

% events with muon 12% 7% 10%
contained within
the hadron shower

Table 13: Steel thickness options showing event length

Table 13 shows that our criteria are satisfied with 2 cm steel plates and we have adopted
this thickness.

We have studied two options for detecting elements; resistive plate chambers (RPC) and
drift chambers with diamond shaped cathode readout similar to the OPAL muon chambers.
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A resistive plate chamber, obtained from the Italian manufacturers, is working at RAL
and performs according to the advertised characteristics. Tests of the cathode-readout drift
chambers have been carried out in Oxford. The resistive plate chambers have the advantages
of speed, compactness and cheapness since they do not require electronic amplification.
However they work best with lammable gases which may cause problems in the mine. The
very large number of channels is another disadvantage. We have not yet made a final decision
between the two options.

A preliminary engineering study has been carried out assuming use of RPC’s. Figure 34
shows a possible layout. In this scheme a 8 kton detector could be built in the currently
available space. We would strongly advocate running Soudan 2 and the new detector in
parallel, at least at the beginning of the experiment, to take advantage of the much higher
granularity of Soudan 2. At this early stage it is difficult to make reliable cost calculations
but preliminary estimates are that the 8 kton detector would cost between $25M and $35M.
One prospect for keeping the costs down that we are pursuing is to use steel at the low
prices available in Russia to our collaborators from Lebedev Institute and the Institute for

Theoretical and Experimental Physics (ITEP).

As the statistical precision of the detector increases the systematic errors become much
more critical. Detailed Monte Carlo simulations of the beam at the near and far locations
have only recently become available and much work remains to be done to ensure that the
systematics of the proposed system can match the statistical precision.

A massive detector of this granularity could not do the traditional underground proton
decay physics. However there would be a significant rate of high energy (> 2 GeV) atmo-
spheric neutrino interactions in the detector & 500/year). With the fast timing of the RPC
it should be possible to define a large fraction as being produced inside the detector even
though the high energy muon may not be contained within the detector. A measurement of
the muon to electron ratio at these high energies will be very interesting to complement the
Kamioka/IMB/Soudan 2 measurements at lower energies. At these energies the correlation
of muon/electron direction and energy with those of the neutrino is much tighter thus en-
abling a more precise oscillation analysis to be performed. Monte Carlo studies of the reach
of this detector in the sin® 26, Am? plot for atmospheric neutrinos will be performed in the
near future.

The decision about the value of the “cavity filler” must balance the square root of mass
improvement in statistical precision which can be attained versus the costs of that detector
and the required systematic controls. On the one hand, larger statistics in a new more
massive “cavity filler” detector would allow greater study of systematic effects. On the other
hand, to take advantage of the higher statistics in setting neutrino oscillation limits = smaller
systematic uncertainty would be required.
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6 Comparison with Other Experiments

There are a variety of new and proposed neutrino oscillation experiments at accelerators
around the world. Since the search for v, — v, oscillations is motivated in part by atmo-
spheric neutrino experiments, and the time scale for running P-822 is long, in this Section we
shall also consider the capabilities of new and proposed underground experiments to study
atmospheric neutrinos.

We divide the consideration of other proposals/experiments into three classes; atmo-
spheric neutrino experiments, “long baseline” accelerator experiments aimed at sensitivity
to smaller values of Am?, and “short baseline” accelerator experiments designed to probe
small mixing angles.

Between now and 1995, the only experiment likely to shed new light on the atmospheric
flavor ratio is Soudan 2. Additional Kamiokande running will not reduce their statistical
uncertainty significantly over the next several years. IMB, Frejus, and Kamiokande may
further analyze aspects of their existing data to see if they are consistent with a neutrino
oscillation hypothesis. In two years, there will be a beam test of a water Cerenkov detector
at KEK using both Kamiokande and IMB tubes. This will measure the trigger and pat-
tern recognition efficiencies used in their analyses. The angular and energy distributions
of atmospheric neutrinos will be important in distinguishing possible neutrino oscillation
interpretations of the data.[2]

Later in this decade, Superkamiokande will greatly increase the number of contained v
events. At present, it seems unlikely that the atmospheric v, deficit seen by Kamiokande
and IMB can be explained away as a statistical aberration. However, improved statistics
will be useful in studying systematic effects.

A few proposals are directly competitive with the goals of P-822, i.e. to search for
vy — v- at low mass differences. Brookhaven experiment 889 would be a disappearance
experiment along a 20km beam on Long Island. CERN is thinking about aiming beams at
Superkamiokande or the Gran Sasso laboratory. Existing detectors at Gran Sasso are not
suitable for v, — v, so proposals are being considered for ICARUS, a liquid argon detector,
and GENIUS, a planar calorimeter. A comparison of Brookhaven, CERN and P-822 is made
in Table 14 and Figure 35.

Also relevant to the question of possible atmospheric neutrino oscillations is the flux of up-
going muons, and the angular distribution of that flux. In addition to IMB and Kamiokande,
this can be measured at MACRO, LVD, Baksan, and when they start to take data, at DU-
MAND and AMANDA. At the present time, uncertainty in the prediction of the upward
going neutrino flux makes it difficult to obtain reliable limits or signals from this technique.

Several experiments and proposals at accelerators emphasize other modes and other re-
gions of parameter space than P-822. At CERN, Chorus and Nomad will improve v, — v,
limits at small mixing angle. If it gets significant running at Los Alamos, LSND could
improve v, — v, limits at small mixing angle.

41



To summarize, we think that the P-822/P-803 combination offers the best ability to
observe neutrino oscillations if they are responsible for existing anomalies. Although a large
fraction of this collaboration is actively involved in the study of atmospheric neutrinos, we
regard it as unlikely that these experiments will conclusively prove or rule out neutrino oscil-
lations, with the statistics and systematic errors which are required for such a demonstration.
The short baseline experiments are searching for neutrino oscillations in regions of parameter
space which are complementary to the region we are focusing on. In the NUMI program,
we will run concurrently with the best such experiment. Two major ideas which are directly
competitive to this proposal are the experiments which could be done at Brookhaven and
CERN. The major disadvantage of doing this physics at Brookhaven is that the beam energy
1s below v, charged-current threshold. They are exclusively relying on v, disappearance with
the incumbent systematic challenge of understanding the neutrino flux calculations. The
CERN proposals do not have the potential high neutrino fluxes which will be available from
the Main Injector. We feel that coupling the existing fine grained Soudan detector with the
Main Injector, which is presently under construction, offers a unique opportunity to address
the exciting possibility of neutrino mass and mixing.

Soudan 2 as is P-822 cavity filler | BNL889
event rate 6000 v 54,000 v 18,300 quasi
far detector 17600 p (from rock) | 35,000 p
event rate 500 x 10° 0.5 x 10° 638,000
near detector
date to completion | ~ 2003 ~ 2003 ~ 2000
distances lkm lkm 1 km

730 km 730 km 3 km

20 km

masses 1. 50 ton, 1. 100 ton 1. 400 ton

2. 900 ton 2. 8 kton 2. 400 ton

3. 4.6 kton

mean energy 16 GeV 16 GeV 1 GeV
run time 2-9 month runs 2-9 month runs 1-4 month run
type of experiment | appearance appearance disappearance
neutral-current yes yes (vN — vx°N) (7)
v, CC yes yes no
detector calorimeter calorimeter H,0 Cerenkov
site underground underground surface
accelerator Main Injector Main Injector upgraded AGS
requirement
beam new beam new beam new beam

Table 14:

Comparison Fermilab P-822 and Brookhaven 889
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7 Work in Progress

This proposal remains incomplete in several aspects. In this section, we identify the main
tasks which are still required and describe our plan to complete them.

7.1 Cavity filler proposal

The optimal cavity filler proposal will depend on the energy resolution and triggering capa-
bility that is required, which in turn requires extensive Monte Carlo work. This has been
started,[43] but has not been carried out in enough detail to choose an optimal detector
design. .

Other work is in progress to study the suitability of diamond cathode pad chambers and
RPC’s for a new detector. In addition, the engineering requirements on getting flat yet
inexpensive steel to place between chambers is receiving attention.

7.2 Further Simulations

Considerable simulation work remains to be done. These jobs include:
1. Complete a higher statistics analysis of NC/CC separation issues, and further optimize
algorithms to get the highest possible acceptance with low misidentification.

2. Extend the Monte Carlo into the upstream rock and generate the rock muons for the
R,/ test.

3. Perform a high statistics simulation of the proposed near detector and optimize the
near detector configuration and mass.

4. Incorporate the toroid, which was discussed in answer to Question 5, in our detector
simulation.

5. Calculate the hadron energy resolution for high enefgy neutrino events, both for P-822
and for high energy atmospheric neutrinos.

6. Study particularly the quasi-elastic neutrino events, as a clean potential source of v,
signatures.

7. Study v, simulated events and devise low background signatures.

8. Study the possibility to identify v, — v,;7 — evv. This depends on electron hadron
separation, and we note that Soudan 2’s high granularity make it well suited for such
a search, if it is possible in an iron calorimeter.
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9. Study the backgrounds and signal for stopping muons coming out of the rock, which
are sensitive to the lowest energy, and hence low values of Am?.

10. Study of Soudan 2 data to confirm that backgrounds to Fermilab beam events are low.

7.3 Other Ideas

We list here some of the other ideas which are being considered to enhance the experiment.
Some of these ideas will be further developed over the next year:

¢ The anti-proton (AP2) beam line was considered as a source of pions and muons for
P-860. The same beam might be used to aim a new neutrino beam at Soudan 2 with
a long decay pipe.

e Beam profile counters could be placed on the surface or other areas of the the Soudan
mine. These would measure the radial distribution of the flux of rock muons and ensure
that the horn is correctly aligned with respect to the mine.

e Holes could be drilled into the west wall, and counters placed in them. This would
serve as an external muon identifier for Soudan 2, and would also increase the target
mass for the highest energy charged-current events.

¢ Iron absorber could be added on the west side of the detector to increase the acceptance
for muon identification, using the existing shield as a muon identifier.

7.4 Timeframes

The P-822 collaboration is committed to document to Fermilab the capabilities and possible
limitations of this proposal. By the spring of 1994, we expect to have most of the simulation
work referred to in this Section completed. This has become the major time commitment
of several members of the collaboration, as well as graduate students from Minnesota and
Oxford. In the same time period, we expect to work with Fermilab to gain a realistic
appraisal of the costs of building the beam. Other collaboration members are working on
understanding the required capabilities and costs of a major new detector at Soudan. We
expect more detailed questions about our proposal from the Fermilab Program Advisory
Committee, and to provide answers in the spring.

The collaboration is actively =_king to enlarge its size in order to work out many of the
detailed issues facing our experiment. Uncertainties in the time frame for the Main Injector
hamper some groups from making such a commitment. We recognize the necessity that a
successful experiment requires more collaborators than we have at present.
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8 Summary

We believe that the question of possible neutrino mass requires a major effort to search
for neutrino oscillations in the region of parameter space where this proposal is sensitive.
The granularity of Soudan 2, its distance from Fermilab, the neutrino energy spectrum and
fluxes possible from the Main Injector, and the Am? range of the atmospheric neutrino deficit
together provide a fortuitous opportunity to make a major discovery. We are confident that
Soudan 2 is the right detector to use in such a search.

We have not identified any systematic effect which would cause or/R to be larger than
2%. The (uncorrected) event rates expected and the ability to measure oscillations based on
R can be seen in Table 3. Let us suppose for example that neutrino oscillations v, — v,
exist with Am? = 107% and sin®26 = 0.4. (This point is conservatively chosen on the low
P,, ... side of the allowed atmospheric neutrino deficit solution.) Convincing evidence from
this experiment for a positive and consistent neutrino oscillation signal would consist of the
following:

e Measurement of an 8 & effect in Rupenjuger.

¢ A measurement of R in the near detector, which statistically can be measured to
or/R = 7.4 x 1074, but which will only need to agree with E815’s measurement to
better than 5%.

¢ A comparable measurement of R in P-803.
e Measurement of an independent 7 o effect in R/, .

e Measurement of a 10 o effect in Rnear/far- if knowledge of the beam flux can be
controlled to 2%.

o Confirmation of the expected v,, J,, v., and v, fluxes in P-803 to 2% for v, and 20%
for the others.

o A hadronic energy spectrum for charged-current events in the near detector which is
consistent with the 803 spectrometer results.

¢ Calibration of the hadronic energy response in a hadron beam at Fermilab.

¢ Measurement of a comparable hadronic energy distribution for charged-current events
at Soudan with the much larger statistics in the near detector, Ep.q4.

¢ A p momentum measurement in the muon toroid yielding the expected distribution.

A long baseline neutrino oscillation experiment also represents a risk. We believe that the
prospects for a real and convincing signal are considerable. The NUMI program is uniquely
positioned to lead the world’s high energy physics community into a new study of the once
elusive neutrino.
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A Long Baseline limit curves

A.1 Introduction

The limits in Figures 4 and 6 properly take into account the cross-section weighted energy
integrals. However if we approximate using just the average energy at low Am? and take the
limit f(sin 1.27Am?L/E)*dE = 1/2 at high Am?, we get straight line (log-log) parameter
space plots. These are easy to calculate by hand, which is useful for comparing various exper-
iments and assumptions about energy, detector size, running periods, statistics, distances,
etc.

A.2 Types of Neutrino Oscillation Searches

Four kinds of neutrino oscillation signals can be considered for a neutrino oscillation search.
They can be separated as follows:

1. Disappearance of some of the neutrinos in the beam. The measurement consists of
comparing the number of observed neutrino interactions to the number predicted by
other measurements. The solar neutrino experiments, the atmospheric neutrino exper-
iments, Brookhaven E889 and the R,.,,/tq- test in P-822 are examples of this kind of
search.

2. Exclusive appearance experiments. Here the signal is a clear cut neutrino interaction(s)
from a flavor not present in the original beam, with little or no background. P-803,
CHORUS, and in principle NOMAD are examples of this kind of experiment.

3. Rupenjuce test, or the Shrock-Albright test[44]. This is an appearance experiment, but
since the background to the signal is large (all neutral-current events), one can not
identify v, events on an event-by-event basis. However, the test is sensitive to v,
appearance, and if ¥, — V,ri. takes place, the test does not measure any change, so
it is an appearance experiment.

4. Kinematic cuts. A signal such as electron appearance will have some large background
rejection &, but may still be dominated by background. Such a test will also have
some efficiency for v.’s, e,. If the rejection is sufficiently high, this could be a zero
background test.

A.3 The Line Limit Approximation

There are several subtle aspects to the usual 90% confidence level plots which are used to
characterize limits obtained by neutrino oscillation experiments. In order to make certain
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scaling approximations and compare experiments more easily, it is useful to approximate the
curves as two straight lines. The probability of oscillation is:

2
P= m’(ze)sinz(1.27A’:7 Ly (22)

where L is the distance in km, E the neutrino energy in GeV, and the unknown parame-
ters are the mixing angle § and the squared neutrino mass difference Am?. If an experiment
is sensitive to neutrino oscillations, it can either measure P to some accuracy, or set a limit
on P which we will call P,,;, for the usual 90% confidence level limit. An experiment with a
sensitive test for neutrino oscillations could set a small P,,;,, a less sensitive test would lead
to a larger Pn;n or no limit at all.

All limit curves which depend on a single variable P,;, start at some Am? with a slope
-0.5 on a log log plot, oscillate, and approach a fixed mixing angle at high mass. We will
therefore approximate the limit curves with two numbers, Dq, which is the Am? at maximal
mixing, and S, which is the sin? 24 limit at high mass. We extend the curve from D, with a
slope -0.5 until it crosses the other line at S, D;. These are shown in Figure 36.

At maximal mixing, sin?26 = 1 and we will set a limit when the second sine term in
equation 22 is small:

A ExXPrin  FEX/Pmn
DT 77 1.27L

where E is the average neutrino event energy, and the factor F takes into account the fact
that integrating over energy differs from using the average energy. For our limits, F = 0.80.

(23)

At high mass, the energy integral of sin® 1/E averages to 0.5. We thus have three simple
equations for s, Dy and D5:

S =2P.. (24)
0.8/ Pon

Do = 1.27L (25)

D=2 (26)

vE]

A.4 Specific Neutrino Oscillation Tests
A.4.1 Neutral-Current to Charged-Current test

For the neutral-current to charged-current test in the presence of oscillations,[37]

( Rgl:" oy — Rtrue)

C cc

P =
71— B) + Rete,.0n(1 — Br)
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where R'™ is the expected neutral-current to charged-current ratio, R%, Jucen 15 the mea-
sured ratio, B is the branching fraction of the final state lepton to muons, and 7 is the event
weighted charged-current cross-section of the final state lepton compared to that for muons.

_ {#(E)o..(E)E
1= T6(E)ov,(E)dE

(28)

For v, = v;, B = 0.17 and 7 = 0.25. (For v, — v, B=0 and 7 = 1.0) For a 90% limit,

1.290p

Pmin =
n(1 - B) + R"(1 — By)

(29)

which is 2.56 og for v, — v, and .99 og for v, — v.. Thus the v, — v, limits are always 2.6
times to the left of the v, — v, limits for the same statistics. The factor 1.29 corresponds
to the 90% confidence level, and is 3 for a 3 o effect, 4 for a 4 o effect, etc.

For the neutral-current to charged-current test,

~ 1 I _R(1+R) 073
=Ry *tce = vNr VN (30)

where N is the total number of events. Thus for an experiment with full acceptance and
efficiency, no other background or systematic error,

187
vN

Pmin = (31)

We can also use these equations to study the effect of systematic error. If we express S in
terms of o/ R, we get S = 1.59 op/R. The PAC recommended that the experiment should
reach a systematic uncertainty on the NC/CC ratio (or g/ R) of less than 0.02, which yields
S = 0.03. We believe that we can exceed this goal, since we are only sensitive to the change
in » and do not require an absolute measurement (although we will certainly do so as a
check).

A.4.2 Low background appearance experiments

For a truly zero background appearance experiment, a long baseline detector has no ad-
vantage over a short baseline experiment.[45] The reason is that while for a low Am? the
probability of oscillation increases as:L?, the flux and event rate fall as 1/L2.

When there is background, the background falls as 1/L%. As one moves far away, the
signal might go down slightly, but the signal to background greatly increases. Detectors like
P-803 are very expensive per kiloton, and should be run at an accelerator first, and then
only moved a long distance if there are backgrounds which are seen with possible signals.
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Unlike the other tests, this limit goes linearly with statistics:

2.3
P = —= 32
T Ne X Xe (32)
where 7 takes into account the v, charged current cross-section, and e includes all other
efficiencies. For P-803 in the Conceptual Design Report, € = 0.06.[1, 3] It is interesting to
note that Dy which is proportional to v/Pnin/L is a constant as you move a given detector
because Ppin < 1/N and N « 1/L?. This is the same as the argument made above. For

fixed statistics, Do o< 1/L.

A.4.3 Muon disappearance experiments

v, disappearance can be measured by seeing a decrease in the absolute rate of events at a
far detector. Here the crucial element is the measurement of the flux in an identical (or
similarly configured) detector. One could also predict the far detector event rate based on
the proton flux hitting the target and a calculated neutrino flux, but the systematic errors
in such a calculation are known to be large. Assuming that the statistical errors at the near
detector are small, a limit can be set from:

1.29
VNe(1 —7B)

Prin = (33)

Strictly speaking, in a two detector disappearance experiment, one is looking for a differ-
ence between the two detectors, and the limit at high Am? returns to maximal mixing. Both
detectors would measure the neutrino flux which was maximally mixed. The two line approx-
imation fails to take this into account. Since previous short baseline appearance experiments
at accelerators have failed to see neutrino oscillations, this is unimportant.

A.4.4 Kinematic cuts, such as electron appearance

Using kinematic and topological cuts, it may be possible to identify 7 events. The decay
mode T — evv is one particularly promising example. Let’s assume we can identify electrons
and perhaps 7°’s. The number that you measure is:

Nem = &N, + NyeqP,, v, (34)

where & is the background rejection factor for events which pass the cuts. We may be able
to achieve K =~ 1072, e, is the fraction of signal which passes the cuts & 0.50 and 7 is the
cross-section factor, 0.1R

With 90% CL, in the absence of oscillations, we measure less than 1.29,/xN, events.
Therefore, if we measure kN, the expected rate, we can set a limit on P:

1.29, /&N,
P, = uo 1.43 (35)
e-nN, NP
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A.5 Using the equations to scale various experiments

Now we can ask what it would take to get to the curve actually shown in Figure 36. The
stated PAC goal is shown at Am? = 0.01, sin®26 = 0.01. The parameters we calculate
are Dy = 1072, D, = 107%,5 = 1072, L = 713km (!) and N = 140,000 events. Using the
high Main Injector flux from two nine-month runs, and scaling this event rate to the P-822
proposal with 100% acceptance at 730 km, leads to a requirement of a detector twenty times
more massive than Soudan 2 with no systematic error. If we demand a 4 o signal at the
PAC point, it goes up to 1.33 Million events. If we consider the Am? goal to be one for
D, and the required distance would be 71 km, and the required statistics 140,000 events. A
detector the size of Soudan 2 would be adequate, but we note that such an experiment does
not address much of the Am? region suggested by the atmospheric neutrino problem.

Another important point is the way that sin® 2 and Am? scale with statistics. Limits
on the mixing angle will improve as the square root of the number of events, while limits
on the mass will improve only as the one fourth power of the statistics. If one aimed a
beam at a new detector at a moderate distance, such as 100 km, one could gain over this
proposal with better limits on mixing angle at the expense of Am? reach. However, it would
be impractical to improve that situation with greater mass or running time. On the other
hand, a detector located at 700 km would start with a better Am? reach at the expense of
mixing angle sensitivity. However, this could be more readily improved with an additional
detector or more running time.

B The Soudan 2 Detector

B.1 Detector description

The Soudan 2 experiment uses a currently operating detector in an underground laboratory
710 m (2090 meters water-equivalent) beneath Soudan, Minnesota. The detector consists
of a 963 metric ton fine-grained tracking calorimeter surrounded on all sides by a two-layer
active shield of proportional tubes. Its primary goal is to search for nucleon decay in modes
which may be dominated by neutrino-interaction background in other experiments. It is well
suited to be a neutrino detector for the average energies of a Main Injector neutrino beam,
and is in fact similar in resolution and size to neutrino detectors which have been used in
past experiments at Fermilab and CERN.

The performance of the calorimeter modules has been studied using cosmic ray muon
tracks, both on the surface and underground. A charged particle test beam, at the Rutherford
Laboratory ISIS accelerator, has been used to study detector response to low energy particles.
The test beam studies have provided the energy calibration for electromagnetic showers and
tracks, and have measured the ability of Soudan 2 to identify muon charge and direction.

The Soudan 2 detector [39] consists of 224 identical 4.3 ton calorimeter -modules, which
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were constructed at Argonne National Laboratory and the Rutherford Appleton Laboratory.
Two hundred and sixteen modules are taking data in the Soudan mine at present.(October
1993). The modules are placed in a rectangular parallelopiped 2 modules high x 8 modules
in the east-west direction x 14 modules along the axis of the cavity (north-south direction),
yielding a dimension for the full detector of 5x8x16 m®. This layout is illustrated in Figure 37.

Each module is composed of 240 layers of 1m x 1m x 1.6 mm corrugated steel sheets
interleaved with an insulated “bandolier” assembly of 1 m long x 0.5 mm thick x 15 mm
diameter resistive Hytrel drift tubes (see Figure 38). The insulation consists of two layers
of 125 um mylar, laminated together with long pockets to accommodate the drift tubes,
and 0.5 mm thick polystyrene inserts which are vacuum formed to fit the steel corrugation.
The steel sheets and the bandolier are stacked in 240 layers (2.5 m high) by fanfolding
the bandolier back and forth with steel sheets interleaved. The stack is then compressed
with about 15 tons of force. Each module is enclosed in a gas-tight sheet steel enclosure
consisting of welded sideskins to maintain compression and removable covers to allow access
to the readout proportional wireplanes and stack faces. The assembled detector has a density
1.6 g/cm?®, a radiation length of 9.7 ¢m and a nuclear interaction length of ~ 81 c¢m.

The basic detector element of the experiment is shown in Figure 39. It is a tube made of
resistive (~ 2x10'?Q — cm) plastic Hytrel (DuPont Corporation). Each module contains 7560
drift tubes. A linearly graded electric field is applied by 21 1.5 mm wide copper electrodes
(see Figure 38). These have a voltage of -9 kV at the middle of the tube and 0 V at the
two ends. The resistive tube grades the voltage between electrodes, creating a uniform axial
drift field of 180 volt/cm inside the tube. The modules are filled with a drift gas mixture of
85% argon, 15% CO; and 0.5% of H,O (from the plastic). When a charged particle passes
through the tube it ionizes the gas; the liberated electrons then drift (with a velocity of 0.6
cm/psec) up to 50 cm to the ends of the tube where they are collected and amplified on a 50
pm diameter anode wire (gold plated tungsten). The gas is circulated through the modules
and filtered to remove oxygen and hydrocarbons which absorb the drifting electrons.

The tubes are arranged in a close-packed hexagonal array as shown in Figure 38. The
anode wires run vertically in a plane 10 mm from the tube ends and are spaced every
15 mm so that they are aligned with the centers of the tubes. Cathode pads are connected
in horizontal strips orthogonal to the anode wires and 5 mm behind them, and are aligned
with the tubes. Thus it is possible to identify which tube a signal came from, since the anode
wires and cathode pads form a grid centered on the tube ends. The position along the tube
length is obtained from drift-time information. Three correlated spatial coordinates and a
dE/dz measurement are recorded for every charged particle crossing of a drift tube.

The main detector is surrounded on all sides by a 2-layer arr=v of extruded aluminum
proportional tubes [46]. This active shield is mounted against the cavity walls to signal
the presence of cosmic ray events in the cavity and the surrounding rock. The tubes are
up to 7 m long and 20 cm wide and have a time resolution of 1 ps. Cosmic ray muons
can create contained event candidates by entering the detector through the spaces between
main detector modules, or by creating neutrons, photons and K3?’s in the nearby rock which
penetrate to the interior without leaving tracks. Such neutral particle production is almost
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always associated with charged particles which are detected in the shield. Because the 1700
m? shield has nearly 3.5 times the area of the main detector in the direction of Fermilab,
it can also be used to increase the effective area for the measurement of the ﬁux of muons
from v interactions in the rock upstream of Soudan 2.

B.1.1 Electronics Readout

The detector is read out by 28,224 anode wires and 107,520 cathode pads through 5,888
electronics channels. The reduction in the number of channels is accomplished in two stages.
Groups of 8 modules are stacked 2 high by 4 across to form a halfwall. The detector
consists of 28 halfwalls. The two large faces of each halfwall each contain 8 wireplanes.
Anode signals from the upper modules are bussed to the lower modules and cathode signals
are bussed across the halfwall to give an equivalent readout plane which is 5m high x 4m
wide and is known as a loom. Each loom consists of 252 anode channels and 480 cathode
channels. Preamplifier signals from 8 anodes are then summed together by connecting the
anode channels from 8 separate looms to one digitization crate. The preamplifier signals
from each cathode pad are also summed 8-fold, but in a different pattern, ensuring that the
looms served by one anode crate are served by different cathode crates. Since any one loom
is served by a unique anode crate and cathode crate combination, a tube anywhere in the
detector may be located by matching the anode and cathode pulses.

The resulting 5888 channels of ionization signal are digitized by flash ADC’s every 200 ns
and stored in RAM. The digitization and data acquisition process occurs in a system of 24
parallel MULTIBUS crates each containing an Intel 80C86 microprocessor, which supervises
a pipe-lined data compactor (which removes digitizations below a programmable threshold),
and manages transfer of the compacted data via CAMAC to the host computer. Within
each data crate there is a calibration card which, under local processor control, can be used
to calibrate all the analog channels and verify the trigger logic within the data crate. The
calibration card controls an array of pulsers which can send pulses to various combinations
of the preamp inputs.

Digitization proceeds asynchronously in each of the 24 data crates with the RAM’s used
as circular data buffers. When a trigger decision is positive, the digitization is continued for
an additional time beyond trigger time. This allows all the ionization for that event to drift
out of the tubes so a complete drift history is stored for each channel.

To prompt the Soudan 2 detector to read out and store an event, it is necessary for the
event to satisfy the trigger requirements. The raw data pulse patterns at the ADC inputs
are continuously compared with programmable trigger conditions to detect localized clusters
of hits in the drift tubes. The primary trigger requirement in the Soudan 2 detector is
the “edge” trigger. A detailed description of the edge trigger will not be given here, for a
complete account, see reference 47. Compton electrons produced by photons interacting in
the endplane of a module are a primary element of the noise rate in the detector. The edge
trigger was designed to reject these events, so an event must have some minimum extent in
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the drift direction to satisfy this trigger. Since every readout channel contributes equally,
the trigger requirement is uniform throughout the detector volume. Efficiency is high for
muons above 230 MeV/c and falls linearly to zero at 90 MeV/c (for muons which do not
have a visible decay). The electron (shower) triggering threshold is about 50 MeV. The rate
of random triggers from natural radioactivity is less than 0.5 Hz in the full detector under
these conditions. The trigger efficiency for neutrino events produced by the Fermilab beam
will be essentially 100%. The deadtime will be less than 6%.

B.2 Detector Status and Operation

The Soudan 2 detector has been operational since July 1988 when the first 275 tons of
detector was turned on. Data were taken while the detector was being constructed; currently
(October 1993) 929 tons of detector are in operation and 1.5 kton-years of exposure has been
obtained. Reconstruction and filtering of contained neutrino events and cosmic ray muons is
performed at the Soudan site immediately after data acquisition. Detailed analysis has been
completed on all data taken before November 1992 (1.0 fiducial kton-years). The detector
is now in routine data taking operation more than 70% of the time. The major down-
time is associated with the addition of new modules to the detector and will cease with the
completion of the detector in late 1993. The performance of the detector has been reliable
and stable over the past two years of operation. We do not anticipate any problems with
continuing operation through the time period when a neutrino beam might be available. We
are in any case committed to running Soudan 2 at least through 1998 to obtain a proton
decay exposure of 5 fiducial kton-years. The detector performance is entirely consistent with
the original Soudan 2 proposal and more than adequate to perform this experiment.

Data at the Soudan site are stored on disk in runs of ~ 1 hour length, and is pro-
cessed immediately after the end of a run on a local VAX Cluster with an analysis package
SOAP (Soudan Offline Analysis Program). SOAP performs noise rejection, pulse match-
ing, track reconstruction, and sorting of events into various categories of physics interest,
such as muons, multimuons, monopole candidates, (contained) neutrino candidates, and
semi-contained events. Muons from neutrino interactions in the rock from the direction of
Fermilab would all be found in the muon sample. Neutrino events would be in either the con-
tained or semi-contained event classifications. An additional processor would be established
to flag events that were in time with a Fermilab beam pulse. This event sample would be
compared with the contained and semi-contained event samples to ensure that all Fermilab
events were being found with high efficiency.

The detector is monitored in several ways to assure that it is operating properly. The
pulser system is used to inject signals into the preamp inputs. These signals then work their
way through the readout chain and check the operation of the electronics. Pulser calibration
runs are performed daily to find amplifiers with incorrect gain, disconnected cables, etc. The
response of the detector (as well as the electronics) is continuously monitored by analysing
the data from throughgoing cosmic ray muons. These muons trigger the experiment at a
rate of about 0.3 Hz. One to two days of data is sufficient to detect larger effects such as
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air leaking into a module or bad electrical connections inside a module. A sample of tracks
accumulated over about one month is used to measure the detailed pulse height response at
the level of individual drift tubes and can be used to correct the pulse heights in the region
of nucleon decay or neutrino interaction candidate events.

An example of part of a cosmic ray muon track is shown in Figure 40. The fine detail
of a few pulses can be seen. This shows both the pulse shape information and the 200ns
digitization time. The result of the fit to that part of the track in relationship to the pattern
of the stack is also shown. A complete muon track traversing the detector is shown in
Figure 41. Comparing the two figures, the large amount of information that is available for
each event is apparent.

To provide pulse height uniformity over time, the atmospheric pressure is monitored and
the anode wire high voltage, for the modules and for the shield, is adjusted to compensate
the effect of pressure changes on gas gain.
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B.3 Performance and Calibration
B.3.1 Module perforfnance

In order to optimize the operating parameters (e.g. gas and electronic gains), a few modules
were initially operated on the surface where the cosmic ray flux is high enough to do high
statistics studies rapidly. Some of the results on performance of the modules operated on
the surface are presented in this Section.

For the study of tube efficiency the cosmic ray muon trajectories were fitted. By compar-
ing the number of hit tubes crossed by the trajectory with the number predicted to be hit,
the tube efficiency is determined. Such a definition not only considers if the tube is work-
ing, it also includes the anode-cathode matching efficiency and the track fitting efficiency.
Moreover, the efficiency will be decreased due to deviations of the actual tube position from
its nominal position, and random scattering of the muon from a smooth trajectory. In the
case of perfect geometry, for Monte Carlo data, the tube efficiency is 85%. Under actual
operating conditions the mean tube efficiency is of the order of 75%. The mean tube effi-
ciency is very uniform throughout a module, as is shown in Figure 42, where the efficiency
is plotted along the cathode direction. The variations seen in Figure 42 are correlated with
the pulse height variations along the cathode direction. The maximum tube efficiency that
is reached is 80% for very high pulse heights, but the modules were operated at the knee of
the efficiency plateau to remain in the proportional gain region.

Typical drift attenuation lengths are of the order of 70 em. For the pulse height distri-
bution shown in Figure 43 the attenuation lengths for the two 50 cm drift regions are 71
and 63 cm. Such attenuation is well understood in terms of electron diffusion during drifting
and electron attachment due to O; contamination at the few ppm level. Some variations
from module-to-module can be observed, even with the same gas composition, due to im-
perfections in the electric field which show up as a difference in the effective radii of the
tubes. In the absence of oxygen attachment, attenuation lengths are expected to be about
70 cm. The spatial resolution is determined by the anode and cathode spacing, the drift time
digitization unit and the drift velocity. The spatial resolution is obtained from the RMS of
the residual distributions, calculated by fitting cosmic ray muon tracks. The spatial resolu-
tion in the vertical (y) direction is 0.47 £ 0.10 cm , compatible with the expectations from
cathode separation. A result consistent with anode separation is obtained in the horizontal
(z) direction. The spatial resolution in the drift (z) direction is 1.04 & 0.24 cm.

One of the main characteristics of the Soudan 2 detector is its ability to yield pulse height
information for track direction determination and particle identification. To make maximum
use of this inforn.zllon, the pulse height variation between modules must be smaller than
Landau fluctuations (20%). Typical pulse height fluctuations along the wire plane are of the
order of 30%, while in the drift direction, due to pulse height attenuation, a 50% reduction
in pulse height can be observed (see Figure 43). However, these variations are corrected by
calibrating out the effects of measured pulse height attenuation, wire plane nonuniformities,
module-to-module variations, and gas composition. After pulse height calibration, a 10%
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variation is obtained.

B.3.2 Module calibration

At the Rutherford Laboratory’s ISIS pulsed neutron source, a Soudan 2 calorimeter module
was exposed to beams of positive and negative pions, muons, and electrons at momenta
between 140 and 400 MeV/c, and protons at 700 and 830 MeV/c, for several angles of
incidence. Analysis of the data is in progress but preliminary results are available on the
detector resolution, ionization response, and particle identification. These studies have con-
firmed that the detector modules are performing as expected, and also have provided detailed
response parameters which can be used in the Monte Carlo detector simulation.

The electromagnetic shower energy is determined by counting tube crossings (hits). Fig-
ure 44 shows the number of tube crossings as a function of the electron beam energy, for
ISIS and Monte Carlo data. The non-linear dependence upon the energy reflects the high
density of tube crossings at high energy. The measured energy resolution can be represented
as in Figure 45.

Although the Soudan 2 detector is designed to be relatively isotropic, its geometry is
not completely uniform. This fact will affect, at some level, the number of hits counted for
shower energy measurement. Figure 46a shows the number of hits observed for different
vertical incidence angles of the beam, for tracks perpendicular to the tubes. The maximum
variation (8%) is obtained for small vertical angles. This variation is easily calibrated. The
total pulse height is independent of the vertical incidence angle as is shown in Figure 46b.
When the dependence upon horizontal angle (angle with the z direction) was measured, a
variation of the number of hits was observed where the beam is almost parallel to the tubes
(see Figure 46¢c). The total pulse height does not vary with horizontal angle (Figure 46d).
Therefore, the Soudan 2 detector is isotropic after some small corrections. The small detector
anisotropy observed is confirmed with the Monte Carlo and does not compromise the energy
resolution.

A sample of 7%s produced in charged pion interactions has been reconstructed. The
events were selected by scanning for events with two well separated showers. The #° peak
is centered at 136 + 3 MeV/c? and has an RMS of 40 MeV/c? (see Figure 47). When the
production vertex is known it is possible to distinguish electrons from photons by measuring
the distance between the vertex and the first hit (conversion length). If the distance is
smaller than 4 cm the relative probability to be e : v is 8 : 1, for a distance larger than 4 cm
the shower is more likely a photon with e : 4 a probability of 1 : 14. ‘

Muon momentum is calculated from the range obtained by measurement of the muon
track length (L) and using a mean detector density (1.6 g/cm?®). The average length for 245
MeV/c muons is 40.6 em, with AL/L = 20%, giving a momentum resolution of 8%. This
resolution is independent of momentum for the ISIS energies.

Soudan 2 can distinguish between stopping positive and negative muons because most

57



negative muons are captured by iron nuclei and do not decay visibly. The decay positrons
from positive muons are usually detected. Figure 48 shows the number of extra hits at the
ends of tracks for samples of negative and positive muons. Two or more shower hits are
observed at the end of 85% of the positive muon tracks. No hits are observed for 75% of the
negative muon tracks.

The expected ionization response of a slowing muon is observed. Figure 49 shows the
mean pulse height along the muon trajectory measured from the end of the track. Crude
measurement of the track direction (choosing the end with the higher mean ionization on
the last 5 hits as the stopping end) yields the correct direction 80% of the time.

B.4 Detector Summary

Some advantages of the Soudan 2 detector for detecting and identifying neutrino events are:

o The fine granularity gives very good track and vertex resolution. The result is high
quality pictorial event information, comparable to that from standard electronic neu-
trino experiments. The spatial resolution is 1 cm or better in all three spatial coordi-
nates.

o The ionization measurement yields particle identification information (e.g. proton/pion-
muon separation) not available in some other detectors.

e u~ absorption in iron gives track charge information. (about 2/3 of stopped p*'s decay
visibly in Soudan 2.)

¢ In a moderate density iron calorimeter, high energy muon/hadron separation is easy.

* The energy threshold of the trigger for muons is lower than in any other underground
v detector.

o The observation of shower development yields better low energy electron-muon sepa-
ration than in water Cerenkov detectors.

e The modularity of the detector has allowed detailed test beam calibration studies.
Detector modules will also be calibrated in a high energy charged particle test beam
at Fermilab at energies appropriate for the P-822 proposal.

¢ The modularity of the detector will allow us to operate an almost identical type of
near detector in the P-822 neutrino beam at Ferm ..

The particular features which make this detector powerful for the proposed neutrino
experiment are the excellent pattern recognition and particle identification of hadrons, muons
and electrons. This capability will enable reliable separation of charged and neutral current
events and the identification of the flavor of the final state lepton.
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C Definition of an appearance experiment

It is conventional to distinguish between two kinds of neutrino oscillation experiments, ap-
pearance and disappearance. In our definition, an appearance experiment is one in which
we search for the presence of a neutrino species absent in the initial neutrino beam, or the
increase in flux of a species. In order to measure such an appearance, particularly in the
presence of any background, then the signal (the number of suitably selected events) should
be greater than it would be in the absence of oscillations. In the R, /e test, that signal
is the number of neutral-current events.

In a disappearance experiment, the search is for a decrease in the flux of a neutrino
species which is present in the beam. The latter is often done by measuring the flux in
similar detectors at two or more locations and search for a variation of L/E,. High energy
accelerator neutrino beams are usually more than 95%wv,. Thus the appearance experiments
can normally measure v, — v, or v, — v, while the disappearance ones measure the decrease
of v,, eg. v, — vx.

In the June 1993 PAC report, a different definition for an appearance experiment was
chosen, “The Committee considers an appearance experiment one in which the definitive
presence of the unexpected charged lepton (e.g. 7 in the mode v, — v,) is detected.” An
experiment which has little or no background is certainly to be preferred over an experiment
with large backgrounds. Our “measurement” of the 7 leptons by counting the neutral-current
events has a large background, e.g. all v, neutral-current events. This does not remove the
important distinction, however, that our measurement is sensitive to, and is only sensitive
to, the appearance in the beam of a neutrino species that was not initially present.

A crucial aspect of our experiment is the measurement of R, /¥ in both the near and
far detectors. This aspect of the experiment can be distinguished from the disappearance
versus appearance question. Every appearance experiment would be made better by having
more than one detector measuring the strength of oscillations at more than one location.

Our disappearance test, Rnear/far, is sensitive to v, disappearance. It would be sensitive,
for example, to oscillation of v, into a right handed, and hence sterile, neutrino species. How-
ever, the Rupenjuer and R, tests would be completely insensitive to such v, disappearance.
The ratio that we measure with these latter two tests is only changed by the appearance in
the beam of a v with a different flavor, v, or v..
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Status of v to V’F Oscillations

- J ¥ 1 rPinvi | I L] {
- P
100 — I
- 1
B \lf
. B i
1.0"'1 — -4
= =
—~ o l:
N - -
> N 4
3 i \
N
\ §
E 10-2 L Iy
< = nﬂ
_ )
i \
|
10-3 —
1 lllllll' 1 Al
0.01 0.05 0.1 0.5

sin? (286)

Figure 1: Atmospheric and Accelerator Limits for v, — v,. The Allowed region from 2.7
kt-yr of Kamiokande is between the dashed lines. A and B are limits from IMB and Frejus
data. E and F are accelerator limits from CDHS and Fermilab 531.
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| Entries 10000

450

Events

400

350

300

200
150
100

-3
[
250 F
-
50
t . "l'r,::“."--‘ S

s A

0 "’ PRI SN S B WO W S S M Nt 4"41"'1_1 Bl ), [ DA PO S Py o v
0 10000 20000 30000 40000 50000 60000 70000
E.(MeV)

Event Rate
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v to VT Limits— 1991 Proposal
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RDC/CC limits for v -> UT
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Figure 6: Effect of systematic error on the Rupen/ur tests. From left to right the curves
assume an 8 kiloton new detector and 0% systematic error, 8 kilotons and 2% systematic
error, the existing detector with no systematic error, and the existing detector with 2%

systematic error.
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R test limits
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Figure 7: Potential 822 limits using R«. From left to right the curves assume an 8 kiloton
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detector with no systematic error, and the existing detector with 2% systematic error.
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Charged current cross sections
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822 limits with and without 2% systematic error
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Figure 17: Muon momentum distribution of v, charged current events expressed in muon
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Angle Between v and u in CC Events
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Figure 19: Length of the longest hadron in the detector for neutral current events
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shows the Fermilab direction. North is to the left.
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Measured Quantities in Near Detector
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Figure 29: Smeared energy distributions in the near detector. E,, Ep.q and E,,; distributions

are shown.
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Measured Quantities in Far Detector
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Figure 30: Smeared energy distributions in the far detector. E,, Eheq and E,,, distributions
are shown.
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Measured E, for CC Events in 'the Near and Far Detectors
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Figure 31: Comparison of the smeared E,, distributions for the near(solid) and far(dashed)
detector. The difference is due to low energy neutrinos from the decay of wide angle pions
at the near detector.
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mean density = S*Dg + 2ADp
2A + G + S.

Dg = 7,8gm/cm3 Dy = 3gm/cm3

Set 2A = 5mm and G = ]10mm.

Figure 33: sketch of cavity filler options

96



\

-

e

97

- FREESTANDING PLATFORM
Read in conjunction with drwg.no. CWU-MISC 10345,

SCHEME 1
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241 LAYERS OF
PRECISION CORRUGATED
STEEL SHEETS EACH
HAVING 32 PITCHES
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.
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Figure 38: Bandolier, insulation sheets (inserts) and corrugated steel assembly (stack).
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Soudan 2 Detector Operation

Drift Tube
1 mlong, 1.5 cm diam.

. Dritting ~+—Anode Wire

Electrons

Cathode
Pad

Figure 39: A single drift tube. The drift field is generated by the application of graded
voltages on a series of 21 copper electrodes
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Figure 42: Typical mean tube efficiency variation with cathode numbers.
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Figure 44: Electron shower energy versus number of hits from ISIS data and Monte Carlo
simulations.

40[[]

| ] l LR L ] I L L] l T 1 17 7
35 -
= “
£ F JPTaa
Z aof - ]
3 o ,/f ':
Z -” .
st ;- .
25 [ 4" -
20 :“l | S . [ ;1 1 ¢ 1 ' 1 1 1 1t l i1 1 1
1 1.5 2 25 3
1/VE (Gev™*/?)

Figure 45: Energy resolution for electron showers.
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Abstract

We propose a long baseline neutrino oscillation experiment using a fine-grained calorime-
ter which is appropriate to the study of neutrino interactions. The high flux from the Main
Injector nentrino beams. coupled with moderate neutrino energies and the long distance
from I'ermilaly to Soudan Minnesota. will combine to provide unprecedented sensitivity to
several possible modes of neutrino oscillation. The high spatial resolution and good energy
resolution ol the Soudan 2 detector make it well suited to study leptons and hadrons in
neutrino interactions. Our key measurements will will involve the neutral current to charged
current ratio and will not depend upon a knowledge of the absolute flux. However, we will
simultaneously measure the absolute flux with a near detector. which will provide important
consistency checks on any observed signals.



1 Introduction

A long baseline neutrino oscillation experiment using the Fermilab main injector and the
sensitive Soudan 2 fine grained calorimeter would be able to probe an important and large
new area ol parameter space for the mode v, — .. The capabilities of the detector are
—such that a number of independent tests of the oscillation hypothesis can be macde. The
“vxperiment will either discover neutrino oscillations in a compelling way (if they exist in the
sensitive region of parameter space). or rule them out.
A long baseline neutrino oscillation experiment was first suggested for Fermilab in 1977[1].
A sensitive new experiment is considered in this proposal and is motivated by five {actors:

o The possible observation of atmospheric v, oscillations by the Kamiokande measure-
ment of an anomalous v, /v, ratio.[2]

e The interpretation of the missing solar neutrino problem as evidence for matter-induced
1. — v, oscillations.[3]

o [he near completion of the | kiloton Soudan 2 nucleon decay detector and its demon-
strated capability in neutrino detection.[4]

e The planned new Main Injector at Fermilab which could be a source of large neutrino
Muxes with relatively low energy.[5][6] and

o Tle design of a double horn high intensity neutrino beam which could be targeted on
a remote North American underground detector such as Soudan 2[7].

In a nine mouth run with a 120 GeV proton beam and a conventional double horn
neutrino heam aimed at the Soudan 2 detector 300 km awav. a search could he made for
nentrino oscillations with particular emphasis on the most likely oscillation mode v, — v,.
I{ evidence for oscillations is not found. new limits would be set extending the Am? excluded
region trom 0.3 €172 to 0.0025 ¢17? for mixing angles sin(28) > 0.06 at 90% confidence level.
We will show that Soudan 2 could set the limits which are shown in figure 1. We plan to use
a number of Soudan 2 modules as a near detector at Fermilab in order to keep svstematic
ervors at a low level.

The physics motivation for a long baseline neutrino experiment is discussed in section 2.
The issues covered include the present status of the search for neutrino oscillations as well
as the interest in a particular region of parameter space (Am? vs sin?(20)) which is based
on the reported atmospheric v, and solar v, deficits mentioned alove.

The properties of the Soudan 2 detector are covered in section 3. and the double horn
neutrino beam is discussed in section 4. The physics capabilities of the Soudan 2 detector
with a Fermilal beam are covered in section 5. The expectation for v, disappearance and
- appearance experiments are included. as well as a number of other v experiments that
we could carry out. Performance and calibration of the Soudan 2 detector are discussed in
section 6. In section 7 we discuss the requests of the P822 collaboration [rom Fermilaly lor
this proposal.

A long haseline neutrino oscillation experiment. carried out in Soudan 2 and concentrating
on Am? of 1.0 to 107 1™ for the mode v, — v,. well complements the proposed Fermilab
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atre described in section 3.
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PS03 emulsion experiment with its search for 1, — r. at higher Am? and lower mixing
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2 Physics Motivation for Long Baseline Neutrino Ex-
periments

i this section we discuss some of tle previous neutrino oscillation searches. These searches
Lave been motivated by the possible existence of a weak mixing matrix analogous to the
‘quark mixing (CIKM) matrix. We then discuss two recent experimental results which specif-
icallv motivate an interest in the region of parameter space which this proposal could ex-
plore. The lirst is a result on the flavor composition of atmospheric neutrinos which can be
explained by v, — v, (or v, — v.) oscillations in a particular region of parameter space
(sin?(20) > 0.1.Am?* ~ 107? eV?%). The other is the widely discussed explanation of the
solar nentrino problem as matter enhanced v, — 1, oscillation (MSW effect) which. when
(()uplml with a see-saw mechanism(3] for the mass hierarchy of lepton families. again leads

o (Am?) ~ 1071-1077% eV 2 for Vy — V.

2.1 Status of accelerator searches for v, — v-

During the last two decades there have heen a number of experiments which have searched
for nentrino oscillations{10]. These experiments have hypothesized the possible existence ol
nonzero neutrino mass aud lepton number violation. Although lepton nunber seems to be a
conserved quantum number in experimental physics thus far. this does not reflect any known
fundamental dynamical conservation law.

If the neutrino mixing madrix is similar to the quark mixing matrix. v, — v. oscillations
might he expected with a large mixing angle and v, — v, oscillations with a smaller mixing
angle. More general considerations, however. would lead us to search for all possible values
of a “weak™ C'INM matrix. in which elements might be expected to be 0.001 or larger. 1 Am?
ix small. previons accelerator searches for v, oscillations would not have found evidence for
any such oscillations.

The present limits on v, — v, oscillations from accelerators are shown in figure 2. The
two curves are from Fermilah Experiment 531, which used a 23 liter emulsion stack as the
target in a wide band horn beam with mean effective energy of ~ 20 GeV[L1]. aud C'DIIS.
which used two detectors in a high energy neutrino beam at CERN{12]. The technique in the
£531 experiment is similar to the proposed P803 emulsion experiment at the Main Injector.

A large number ol experiments have searched for evidence of neutrino oscillations at sev-
eral laboratories[10]. Several of the experiments were only sensitive to v, — v, oscillations.
Manyv searches have ruled out portions of parameter space in figure 2 that were already
excluded using different techniques. Other experiments have looked for other less favored
modes ol neutrino oscillation. such as v. — v, or v, — 7.

[u order to improve existing limits at accelerators. experiments must either achieve hetter
statistical precision. to be seusitive to lower sin(26). or go to larger distances from the
neutrino source. to be sensitive to lower values of Nm?.! This is precisely what a paired
short and long baseline experiment at the Main Injector could accomplish.

lSee equation 2. The v, charged current energy threshold is 3.9 GeV, so an appearance experiment could
not be doue at lower energy.
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2.2 Atmospheric neutrino results and outlook

Searches for nentrino oscillations are being conducted in nndergronnd detectors nsing the
atmospheric neutrino flux. These neutrinos result mainly from the decays of pions and muons
produced in cosmic ray showers in the earth’s atmosphere. Neutrino oscillations would affect
the expected flux. flavor composition. angular distribution and energy distribution of the
Tunderground neatrino flux. To examine the flavor composition. we cousider the ratio:

o= ( V;(/I/F, )measursz{ ( l.)

( vy, /Vf, )predicted

A measurement of r different from 1 is an indication that neutrino oscillations exist. probably
in the mode v, — v, or v, — r.. Oscillations in these two modes would alfect the ratio
differently. In the absence of oscillations. it is claimed[14] that the denominator in equation 1
can be calculated to £0.01 independent of possible variation in the atmospheric v flux with
solar cvele[15]. llowever. the earliest calculations ignored the muon polarization. which
allects the denominator in r by 10%.

This ratio has been measured in the last few vears by Iamiokande. Frejus and IMB-3.
Namiokande[2] reported the ratio r = 0.71£0.08. Tlhe error is the combination of statistical
and estimated systematic effects. More recently. INMB-3[13] presented a result {rom which v
can he calculated to be 0.67 £ 0.18 (following an earlier report of a deficit of muon decay
signals in IMB-1). Frejus[L6] reported 1.01 £ 0.10[17] with the most recent analysis of all of
their data. but Frejus obtained 0.87£0.15 with their contained events. (It seems possible that
the Frejus uncontained events may be contaminated by cosmic ray muons.) NUSEX[18]. an
experiment similar to Frejus with much lower statistics, obtained a value of 1 consistent with
inity but does not rule out the lower values. Taken together. the results of these experiments
statistically snggest that there is a deficit of v, neutrinos. perhaps of about 30%. Ilowever,
possible svstematic errors involved in separating low energy electron and muon events i a
water Cerenkov counter may not be adequately understood.

INamiokande’s result is evidence in [avor of neutrino oscillations. The best (it of their data
to the hypothesis v, — v, is for sin?(20) = .69 and Am? = 1072¢V72. This point is shown in
figure 3 and several other figures. The area of allowed parameter space at Y0%C'L is shown
between the two solid lines in figure 3. The 90% CL limit from the analysis ol all the [rejus
data is also shown. The region allowed by all atmospheric and accelerator experiments at
90% ('L is outlined.

Also shown in figure 3 is another limit that INB-1 has set using the ratio of upward
going to downward going atmospheric neutrinos(19]. If neutrino oscillation parameters were
in this small area of parameter space. the oscillation length would be close to the radius of
the earth. and the number of upward and downward going neutrinos would not be the same.
A recent analvsis of the Namiokande data excluded the part of Nm? helow 107"} =[20]
which an earlier analysis said was allowed[21]. At Am? of 3.0 1072¢ V2. the oscillation length
ol atmospheric neutrinos is comparable to the racius of the earth. That region of parameter
space is more sensitive to the angular distribution of the Kamiokande data. and the fact
that the zenith angle distribution of the Kamiokande data is flat suggests Am? is above
3.0 107212, 1f the Kamiokande effect continues to he confirmed by further evidence from
Namiokande. IMB. and Soudan. then either neutrino osciliations can be detected by our
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proposed Fermilab experiment. or the angular distribution of the atmospheric events should
hecome inconsistent with [lat. as better statistics are obtained. We note that alter 5 kiloton
vears of running, Soudan 2 may be able to rule out most of the “allowed™ region if we measure
the Hlavor ratio expected in the absence of neutrino oscillations.
\Ve consider these atmospheric v measurements to be related to possible long haseline
~vscillation experiments for two reasons. First. if atmospleric neutrino studies have their
svstematic errors under control. they can study the same Am? —sin? 20 space for which loug
haseline experiments are sensitive. And secondly. if the result published by Kamiokande is
correct. an accurate accelerator experiment to measure in the saime parameter space region is
highly desirable. We note that the E/L distributions are very close for atmosplieric neutrinos
and our proposed long baseline experiment.

2.3 Solar neutrino puzzle

The solar neutrino deficit was discovered by the Davis chlorine experiment[22]. A similar
deficit has recently been measured by the Kamiokande[23] detector. The deficit represents
a lower measured neutrino flux than would be expected based on standard solar model
calculations[2 1. Both experiments have detected ouly about half of the predicted neutrino
flux in their acceptance region. £, > TMel. Recently SAGE. a new gallium experiment
which is sensitive to lower energy neutrinos produced in the main solar cycle. showed pre-
liminary results which also indicate a deficit of the neutrino flux{33]. All of these results
on solar neutrinos. if taken at face value. leave us the choice that either there is a mecha-
nism making ».'s undetectable or models of the sun’s energy generation process are wrong.
One popular hypothesis is the Mikhevev-Smirnov-Wolfenstein (MSW) mixing mechanism,
[25] which can explain the observed solar neutrino flux depletion if there is a small mass
difference (Am? ~ 1071 = 107 7eV?) between v, and v,. The MSW effect is the name given
to the resonant enhancement. by matter in the sun. of the probability that a v, created in
(he solar interior oscillates into another species. The effect is due to the fact that v.e elastic
scattering can proceed by hoth neutral and charged current amplitudes. while other species
would scatter on electrons only by the neutral current.

The solar neutrino situation is relevant to long baseline neutrino experiments for three
reasons:

e [t is a requirement of the MSW effect that nonzero neutrino nass and vacuum neutrino
oscillations exist.

o If parameters (Am? ~ 107%17?) suggested by the MSW eflect are applicable for v, —
v, oscillations. one could reasonably expect the existence of 17, — 1. oscillations at
a higher Am?2.  This would be a consequence of requiring the three generations of
neutrinos to have the same mass hierarchy as the lepton and quark generations. a
plausible though not mandatory requirement.

o [f there is a see-saw mechanism which is responsible for fermion masses.[3] and if the
MSW solution to the solar neutrino problem using v, — v, oscillations is correct. then
we expect 1, — v, oscillations in just the region of Am? accessible to this proposal.

11



2.4 Modes of neutrino oscillations

\Which modes of nentrino oscillation are most likely? 1n analogy with the qnark mixing
matrix. v, — v, and v, — v, are expected to be more likelv than v. — v-. It is possible
to search for other modes. such as v, — 7, and v, — wvg.? These are discussed briefly in
section H.

In this proposal we concentrate on the search for v, — v.. This is motivated by the
discussions of the last three sections. If v, — 1. oscillations are related to the solar neutrino
puzzle. they would not manifest themselves in any Fermilab long baseline experiment. since
the oscillation length for the likely set of parameters is on the order of 10 km. We will discuss
our capability to search for v, — v. oscillations in section 5.5, and in fact the possible limits
that conld be set in the absence of oscillations are better than those for v, — .. However.
compared to previous limits set in reactor experiments.[206] our v, — v, limits would not
represent a large improvement.

“1p represents a right handed sterile neutrino, which does not interact with nuclei.

12



3 The Soudan 2 Detector

3.1 Detector description

The Sondan 2 experiment uses a currently operating detector i an underground laboratory
710 m (2090 meters water-equivalent) beneath Soudan. Minnesota. When it is completed.
“Tihe detector will consist of a 1030-ton fine-grained tracking calorimeter surrounded on all
sides by a two-laver active shield of proportional tubes. Its primary goal is to search for
nucleon decay in modes which may be dominated by neutrino-interaction background in
other expetiments. It is well suited to be a neutrino detector for the average energies of
a Main Injector neutrino beam. and is in fact similar in resolution and size to neutrino
detectors which have been used in past experiments at Fermilab and CERN.

The performance of the calorimeter modules has also been studied using cosmic ray
muon tracks. both on the surface and underground. Results of module performance studies
are presented in section 6 of this proposal. A charged particle test heam. at the Rutherford
Laboratory ISIS accelerator. has been used to study detector response to low energy particles.
The fest heam studies have provided the energy calibration for electromaguetic showers and
(racks. and have measnred the ability of Soudan 2 to identify muon charge and direction.

The completed Soudan 2 detector [27] will consist of 240 identical 1.3 ton calorimeter
modules. which are constructed at Argonne National Laboratory and the Rutherford Ap-
pleton Laboratory. One hundred fifty two modules are taking data in the Soudan mine at
present. The modules ave placed in a rectangular parallelepiped 2 modules high x 8 modules
in the cast-west direction x 15 modules along the axis of the cavity (north-south direction).
vielding a dimension for the full detector of 5x8x15 m?>. This lavout is illustrated in figure 4.

FFach module is composed of 210 lavers of Lm x Lin x 1.6 mm corrugated steel sheets
iterleaved with an insulated ~“handolier™ assembly of 1 long x 0.5 mm thick < 15 mm
diameter resistive Hyvtrel drift tubes (see figure 5). The insulation consists of two lavers ol
125 gim mylar. laminated together with long pockets to accommodate the drift tubes. and
(0.5 mm thick polvstyrene inserts which are vacuwm formed to fit the steel corrugation. The
«teel sheets and the bandolier are stacked in 210 layers (2.5 m) by fanfolding the bandolier
back and forth with steel sheets interleaved. The stack is then compressed with about b
tons of force. Each module is enclosed in a gas-tight sheet steel enclosure consisting of welded
cideskins to maintain compression and removable covers to allow access to the wireplanes
and stack faces.

The basic detector element of the experiment is shown in figure 6. [t is a resistive
(~ 4x10"2Q—cm) plastic Hytrel tube (made by DuPont Corporation). Each module contains
=560 drilt tubes. A linearly graded electric field is applied by 21 L5 mm wide copper
electrodes (see figure 5). These have a voltage of -9 k1" at the middle of the tube and 0V
al the two ends. The resistive tube then grades the voltage between electrodes. creating a
aniform axial drift field of 180 volif/cm inside the tube. The modules are filled with a very
pure drift gas mixture of 85% argon. 15% ('O and 0.4% of H,0 (trom the plastic). When
a charged particle passes through the tube it jonizes the gas: the liberated electrons then
drift (with a velocity of 0.6 em/psec) up to 50 em to the ends of the tube where they are
collected and amplified on a 30 jun diameter anode wire.
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igure 5: Bandolier. insulation sheets (inserts) and corrugated steel assembly (stack).
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Figure 6: A single drift tube. The drift field is generated by the application of graded
voltages on a series of 21 copper electrodes

The tubes are arranged in a close-packed hexagonal array as shown in {igure 5. The anode
wires run verticallv in a plane 10 nun from the tube ends and are spaced every 15 nun so
that they ave aligned with the centers of the tubes. C'athode pads are connected in horizontal
strips orthogonal to the anode wires 5 mm behind them. aud are aligned with the tubes.
Thus it is possible to identify which tube a signal came from. since the anode wires and
cathode pads form a grid centered on the tube ends. The position along the tube length
is obtained from drift-time information. Three correlated spatial coordinates and a d I /dr
measurement are recorded for every charged particle crossing of a drift tube.

The raw data pulse patterns at the ADC inputs are continuously compared with pro-
grammable trigger conditions to detect localized clusters of hits in the drift tubes. Since
every readout channel contributes equally. the trigger requirement is uniform throughout
the detector volume. Efficiency is high for muons above 230 A eV/c and falls linearly to zero
at 90 MeV/ e (for muons which do not have a visible decay). The electron {(shower) triggering
threshold is about 50 MelV . The rate of random triggers from natural radioactivity is less
than 0.5 11z in the full detector under these conditions. The trigger efficiency for neutrino
events produced by the Fermilab beam will be essentially 100%.

The main detector is surrounded on all sides by a 2-laver array of extruded aluminum
proportional tubes [28]. This active shield is mounted against the cavity walls to signal the
presence of cosimic ray events in the cavity and the surrounding rock. (‘osmic rav muons
can create contained event candidates by entering the detector through the spaces helween
main detector modules. or by creating neutrons. photons and A'7’s in the nearhy rock which
penetrate to the interior without leaving tracks. Such neutral particle production is almost
alwavs associated with charged particles which are detected in the shield. Because the 1700
m? shield has nearly 3.5 times the area of the main detector in the direction of Fermilab.
it can also be used to increase the eflective area for the measurement of the flux of muons
[rom v interactions in the rock upstream ol Soudan 2.



Some advantages of the Soudan 2 detector for detecting and identitfving neutrino events
are;

The fine granularity gives much better track and vertex resolution than water ('erenkov
counters. The result is high qualityv pictorial event information. comparable to that
from standard electronic and heavy liquid bubble chamber neutrino experimeuts. The
spatial resolution is 1 cm or better in all three spatial coordinates.

o The ionization measurement vields particle identification information {e.g. proton/pion-
muon separation) not available in some other detectors.

e 4~ absorption in iron gives a track charge information not available in a water C'erenkov
detector. (about 2/3 of stopped p*’s decay visibly in Soudan 2.)

e In a moderate density iron calorimeter. high energy muon/hadron separation is easy.

o The energy threshold of the trigger for muouns is lower than in any other underground
17 detector.

o The observation of shower development vields better low energy electron-muoun sepa-
ration than in water Cerenkov detectors.

o The modularity of the detector has allowed detailed test beam calibration studies,

o The modularity of the detector will allow us to operate an almost identical type of
near detector at Fermilab.

The particular features which make this detector quite powertul for the proposed neutrino
experiment are the excellent pattern recognition and particle identilication of hadrons. muons
and electrons. This capability will enable reliable separation of charged and neutral current
events and the identification of the Hlavor of the final state lepton.

3.2 Detector operation

The complete detector will be read out by 32256 anode wires and 122830 cathode pads
through 5888 electronics channels. The reduction in the number of channels is accomplished
in two stages. Groups of 8 modules are stacked 2 high by 4 across to form a halfwall. The
complete detector will consist of 30 halfwalls. The two large faces of each halfwall contain
S wireplanes. Anode signals from the upper modules are bussed to the lower modules atid
cathode signals are bussed across the halfwall to give an equivalent readout plane which is
Sm high x dm wide and is known as a loom. Each loom consists of 236 anode channels
and 480 cathode channels. The preamplifier signals from each anode are then multiplexed
8-fold by connecting the anode channels from 8 separate looms to one digitization crate,
The preamplifier signals from each cathode pad are also multiplexed 3-fold. but in a distinct
manner. ensuring that the looms served by one anode crate are served by different cathode
crates. Since any one loom is served by a unique anode crate and cathode crate combination.
a tube anywhere in the detector may be located by matching the anode and cathode pulses.
A total of 24 digitization crates are used in the experiment.
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To promipt the Soudan 2 detector to read out and store an event. it is necessarv for the
cvent to satisfv the trigger requirements. lhe primary trigger requirement in the Soudan 2
detector is the “edges™ trigger. A detailed description of the edge trigger will not be given
here. for a complete account. see reference 29. (‘ompton electrons produced by photous
interacting in the endplane of a module are a primary element of the noise rate in the
detector. The edges trigger was designed to reject these events. so an event must have some
mininuar extent in the drift direction to satis{y this trigger. The trigger efliciency for events
assoctated with the Fermilah heam would be near 100%. The deadtime will be less than 1.

The readout electronics are CAMAC based. A serial CAMAC highway is used that al-
lows the readout of all crates on a single highway controller. A Jorway Model 111 CAMAC
Iuterface is used between the serial highwav and the host computer. a Digital Equipment
(‘orporation VAXstation 3200 running under VMS. Kinetic Systems L2 Serial Crate (‘on-
trollers are used to control each of the crates on the highway. Prior to readout. an 3086
microprocessor controls the compaction of the data from each 6 bit flash ADC-hased 16
channel digitization card. only passing on a channel onlv if the signal from it is above a
preset threshold. The digitization and trigger electronics are NMULTIBUS based.

An example of part of a cosmic ray muon track is shown in figure 7. The fine detail
ol a lew pulses can be seen. This shows both the pulse shape information and the 200ns
digitization time. The result of the fit to that part ol the track in relationship to the pattern
ol the stack is also shown. A complete muon track traversing the detector is shown in figure 3.
C‘ompariug the two figures. the large amouut of information that is available for each event
is apparent.

Data at the Soudan site is stored on disk in runs of length 1-2 hours. and is processed im-
mediately after the run ends on a local Vaxcluster with an analysis package SOADP (Soudan
Olifine Analysis Program). SOAP performs noise rejection. pulse matching. track reconstruc-
tion. and sorting of events into various categories of physics interest. such as muons. mul-
timuons. monopole candidates. (contained) neutrino candidates. and semi-contained events.
Muons from neutrino inleractions in the rock from the direction of Fermilab would all be
found in the muon sample. Neuirino events would be in either the contained or semi-
coitained event classifications. An additional processor would be written to flag events that
were in time with a Fermilab beam pulse and have the correct spatial orientation. This event
sample would be compared with the contained and semi-contained event samples 1o ensure
that all Fermilah events were being found with high efficiency.

3.3 Detector status

The Soudan 2 detector has been operational since July 1938 when the first 275 tons of
detector was turned on. Data are taken while the detector is being constructed: currently
655 tons ol detector is in operation and 0.43 kton vears of exposure has been obtained.
Recounstruction and filtering of contained neutrino events and cosmic rav muons is performed
at the Soudan site immediately after data acquisition. Detailed analysis has heen completed
on all data taken before December 1990. The detector is now in routine operation about 70%
ol the time. The major down-time is associated with the addition of new modules to the
detector and will cease with the completion of the detector in 1992. The performance of the
detector has been remarkably reliable and stable over the past two vears of operation. \We
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Figure 7: Segment ol a muon track and fit

do not anticipate any problems with continuing operation through the time period when a
neutrino beam might be available. We are in any case committed to running Soudan 2 at least
wtil 1995 to obtain a proton decay exposure of 3 kiloton years. The detector performance is
ontirely consistent with the original Soudan 2 proposal and more than adequate to perform

the experiment (see section 0).
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4 The Double Horn Neutrino Beam

The present plan for Fermilah neutrino beains from the injector is to use 120 CeV primary
protons and a double horn similar to the one used by many previous Fermilab wide band
beam neutrino experiments. The Fermilab neutrino beam sinmulator. NUADA. lhas been

run for a Soudan 2 sized detector located 800 km from Fermilab. The resuiting neutrino
llux and event rate are shown as functions of energy i figures 9 and 10. Note that at this
distance {rom Fermilab. the flux scales simply as ;%— The present “run” that we are using
for illustrative purposes is 4 x 10'3 protons per pulse every 2.0 seconds. and 100 hours of
heam per week for nine months. This corresponds to 2.1 x 10%° protons on target. Unlike
an experiment on the surface. we could use “pings” on a slow spill, and would not need one
turn extraction.

There will be small contaminations of the », beam by v.'s, 7's. and 7,'s. These come
predominantly from K decay. and have heen calculated as a function of energy[6]. 1n general.
thev are of the order ol 1% of the heam or less. Theyv will require some minor corrections for
the tests described in section 3. hut no couclusions are affected by this level of background.
There is no significant source of v, or 7, in the double horn itself. Less than [07* cvents
are expected from the process pN — D, X: D, — 7.X:7 — v.X in the proton dump for the
entive run,

[lux estimates calculated from beam design parameters may only be accurate to +20%.
A better value can be tmeasured from contained neutrino events in the detector and worntld
give an estimate of the neutrino lux good to £ 1%. Information from a P822 near detector.
as well as P803 and beam monitors should allow us to determine the beam flux as well as
2%. Lither P8O3 or P822's measurement of the beam flux would be limited by syvstemadic
and not statistical factors. A 35 ton P822 near detector would record over 5 miflion events.
Possible syvstematic errors due to uncertainties in the energy and angular distributions are
discussed in the section on the near station data.

Geography There is room on the Fermilab site for a neutrino beam pointing true north
after the switchvard (to the left of the meson beams). An initial bend to the north will
be required. for which 40 main ring dipoles and 10 quadrupoles are needed: thereafter the
heam is as described in the Conceptual Design Report: Main Injector Neutrino
Program{7](C'DR). We will not repeat the description of the beam given in that document.
We only note that the design criteria for that beam make it a very good match to our
proposed experiment:

e Maximum neutrino flux in the forward direction.
o Sufficient flux above v, threshold to make a v, appearance experiment feasible.

¢ Little variation of the energy spectrum of the beam as a {unction of angle from the
beam direction.

We recognize that there will be a number of conflicting demands on the 120 (ieV proton
beam. including injection into the Tevatron. p production. and other possible fixed target
experiments studyving Kaon properties. [t will be important to look at the compatibility
ol various experiments. bhoth those needing the 120 GeV beam. and those using Tevatron
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extracted fixed target beani. s a remote experiment which is continuously operating. we
are completely flexible about beam usage schedules.

The ('DR also looks in detail at the costs of coustructing the heam. including the ad-
ditional costs required for our proposal. The estimate tor P822 was $7 million more than
for the cost of P803 alone. including engineering and contingency. We will continue to work

~with Fermilal engineers to find less expensive ways to construct the beam.



5 Physics Potential of P822

5.1 General considerations

We will be able to study v, — 1, oscillations in a significant large new area of parameter

space. This is because of the combination of large oscillation distance, moderate heam

energy. and very high v flux compared to any previous experiment.
If neutrino oscillations exist. the probability (P) of oscillation is:

Py, = sin’(20) sin?(1.27 Am? ZL,—-) (2)
v

with Am? ineVZ L in kmand E, in GeV. Am? = |m}_—m}, | and 6 is the mixing angle of v,
and v, neutrinos. In order that the energy he high enough for clean identification of the flavor
through observing charged current events. and to explore the very small mass differences
which appear to be interesting. a large distance for oscillation is required. The Soudan 2
haseline of 800 km extends the \m? sensitivity downward by two orders of magnitude from
all previous accelerator experiments. Without the large neutrino {lux from the Main Injector.
experiments at this distance would have only a handful of events: a “similar™ expertiment
using the Tevatron would have eight hundred times fewer events and would thus not he
sulliciently sensitive. Only the Main Injector combines the high flux with the right energy
range for this experiment.

The sensitivity to mixing angle depends on statistics and control of systematic errors[30].
One of the most important wavs of minimizing systematic error will be understanding the
neutrino beam itself to sufficient accuracy. There are three important characteristics of the
heam that need to be measured and monitored:

L. The absolute direction of the center of Lthe hean.
2. The width of the beam at the detector.

3. The chauge iu the energy distribution as a function of angle from the center ol the
beam direction.

An important tool in understanding the long baseline beam will be measurements done in
the same beam bv a number of Soudan 2 modules in a near detector at Fermilab. Useful
information would also be available from the short baseline experiment, Fermnifaly PR03.

Any underground neutrino detector away from the Fermilab site can record neutrinos
interacting either inside the detector (contained vertex signal) or in the material upstream
ol the detector (“rock™ muons). The size of the contained vertex signal is proportional to
detector mass aud the rock y signal is proportional to the detector surface area [acing the
neutrino beam {ront. Both signals are inversely proportional to the square of the distance
separating neutrino source and detector. For example. Soudan 2 is at a distance of 300 km
from Fermilab, while IMB (P805) is at 570 km. This results in a reduction of a factor of 2
in the neutrino flux. but lowers the limit on Am?* that can be reached.

The detector will search for a decrease in the v, Qux due to oscillations. The »,’s inter-
acting in the earth will create muons that have a range which is almost linearly proportional



fo muon energy. As muons range out. new ones are created by charged current interactions.
so al any point along the beam there will be a constant muon Hux (#/sr). which is nearly
independent of rock density. The long range of muons from high energy neutrinos provides
an effective target mass which is larger than the mass of the detector. This effective target
mass is a function of energy and is larger for high energy muons.

As a large highly segmented detector. there are a number of wavs that Soudan 2 could look
for neutrimo oscillations. Both appearance and “disappearance” experiments are possible.
In the next three sections. we describe three independent ratios that are sensitive to the
existence of v, — v, oscillations:

® R e which requires the separation of neutral current and charged current con-
tained vertex events.

o R« which compares the rate of rock muon events to contained vertex neutrino events.
v

® Rocnrjsar Which compares the rate of eveuts in the near detector to the rate in the
detector al the Soudan mine,

In the subsequent sections. we describe additional measurements and other neutrino oscilla-
tion modes.

5.2 R test to detect v. appearance

I{ v,’s oscillate into v, s, this will affect the apparent ratio of neutral current events to
charged current events. In the absence of oscillations. we expect{31]

number of events without a muon
R = ‘ =0.31 £0.01 (3)

number of events with a muon

Then for N events.

. . R
Nee = N X —— and n,e = N

=0 X T ()
L+ R L+ R
Il there is a probability. P. for v, to oscillate into .. then the resulting v, neutral current
events would be indistinguishable from the v, neutral current events. However, most (83%)
of the v, charged current events have no muon and would therefore he classified as neutral
current events. We would measure

_ N(I - P+ nBP) and e = N(R+n(l - B)P)

L+ R - L+ R

s

,\
i |
-~

where B = 0.17 is the branching fraction for 7= — ;=X and » is the ratio of the 1. charged
current cross section to the v, charged current cross section. The notation “cc” distinguishes
events classified as charged current due to the presence of a muon in the final state from the
actual charged current events. which for an incoming v, or v, would be incorrectly classified
as nc events,

nee  R+n(l — B)P
new  L—P4+nBP

Ronee o = 5
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Figure 11: C'alculated v, total and quasi-elastic cross section

The ratio 5 has heen calculated as a function of energy by Roger Phillips at the Rutherford
Lab[37]. The relevant cross sections are shown in figure 11. 5 also has been calculated by
the Ohio State P803 group[32] with a similar result. Iutegrated over the neutrino spectrum
i figure 9. y = 0.24. By contrast, the neutral current cross sections for v, and v, are equal.
The signal of an oscillation thus cousists of a value of Re, -/« that is too large. I our
measurement vields the known R/, ratio for v, allows a limit on the probability of
oscillation can be deduced.

The expected number of contained vertex events in the Soudan 2 detector can he written

as:
. lo.(E)
N o= ne = MN¥eer “net — / ot(E '("'——_

Nee + 0 n +n ‘ ot £) 3

where .\, is the number of target nucleons and o( L) is the neutrino flux. Using an assumed
injector beam with 4 x 10! protons every 2.0 seconds and 100 hours of beam per week for
nine months. we compute from equation 7 that the entire Soudan 2 detector would record

NdE {7

(78 events with a contained production vertex.
\We hiave performed a Monte (‘arlo calculation to generate these events uniformly through-



out the volume of the Soudan 2 detector. We conclude that (644 7)% of the events will have
their hadronic showers well contained in the active volume ot Soudan 2. (The error is hased
on the statistics of Monte ('arlo eveuts that we have studied so far, and does not represent a
svstematic error for the experiment.) We have therefore chosen a restricted Soudan 2 fidu-
cial volume in which there is close to 100% separation between neutral current and charged

~turrent topologies for these 434 events. The distinctive topologies of neutral and charged
current events are illustrated in figures 12 and 13 respectively. Figure 12shows the neutral
current event at the same scale as the charged current event. and one view on a magnified
scale. The ligh spatial resolution of the detector makes identification of charged and neutral
current events rather straightforward on an event by event basis. similar to what has been
cdone in Fermilab E594[34]. We further note that with the external muon identifier described
in section 5.9. the acceptance would rise to over 90%.

The presence or absence of a muon from the main vertex is a powerful signature. and the
fine granularity of Soudan 2 makes it well suited to detect this signature. The average event
energy will be 16 GeV. so for most of the v region. the separation will be straightforward.
For very low v. a correction will have to be made for muons which do not come out of the
shower. A small correction will also be needed for neutral current events which are mistak-
enly classified as having an exiting track. It should be possible to accurately make these
corrections with the help of a Monte (‘arlo. as has been done by all previous v experiments
at Fermilal and CERN. Note that this correction is not needed if we compare [fu, ./« as
measured at Soudan with that measured i our near detector. The 90% confidence level
limit we could set in the absence of oscillations is shown in figure 1 in the curve labeled “('.
Ouly statistical errors are included: systematic errors will be negligible compared with the
statistical errors.

5.3 [« tests using muons from the rock

We plan to measure Ru. the ratio of muons from the rock to neutrino events with vertices
inside the Soudan 2 detector. We define the ratio Ry as the ratio of incoming (muon) events
from the rock in frout of the detector. to the number of contained vertex (neutrino) events.
Svstematic errors due to beam pointing, knowledge of the energy distribution of the beam,
the geometry of the detector and properties of the surrounding matter have been considered.
No effects have been identified which would introduce uncertainties larger than 1% in the
measurement of Ru. An overall systematic accuracy in the measurement of this parameter
ol the order of 2% is expected. Note that the beam flux normalization (or time variability)
does not affect Ru.

The rate ol muons entering the detector from v, charged current interactions in the rock

o
n, = 1.0 x 10—1‘2(;d'—‘2/0 dE,E*n(E,) (8)
The two E, factors come from the cross section and muon range. bhoth proportional to the
neutrino energy. The Fermilab beam would enter the detector (in the plan view) pointing
26.4°VW of North. The long axis of Soudan 2 is oriented along the N-S direction. The ellective
area of Soudan 2 viewed from the direction of Fermilab is then 94 m? for the main detector
and 275 m~ lor the shield. For the main detector. using the existing trigger. we would expect
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Figure 13: Simulated charged current neutrino event in Soudan 2

to detect 2150 muouns {rom the rock for the entire exposure. Qur trigger and reconstruction
etliciencies will be near unity.

Using these muous. an additional neutrino oscillation experiment can be done. We would
look for a decrease from the expected uumber ol muons n§* due to v, — v, oscillation:

ny =n (1 — P+ PnB) (9)

In the absence of such a decrease. a limit on the oscillation probability, P. could be set. This
is the curve labeled “B™ in figure 1. The limit is dominated by the statistical error for n’?.
Note that the full number of such events can be used in this calculation, whether or not thev
are in the fiducial volume required for distinguishing between neutral and charged current
interactions.

The calculation of %" depends not only on the measured number of contained vertex
events but also on knowledge of the energy dependence of the v, flux. To first order. the
density of the rock in which the muons are made does not affect the muon flux. In anv
case. the rock in the vicinity of the Soudan mine has been well measured. In contrast to the
Ry oo ratio, we will he comparing the observed ratio Ru to a calculated ratio. with the

&f

. . . v
rock muon rate having one extra power of F, in the numnerator.

5.4 R,cqr/far test using Soudan 2 modules at Fermilab

The Soudan 2 detector is very modular. Main detector modules have been operated in
the Rutherford ISIS test beam. and on cosmic rav test stands at Argonne and Rutherford-
Appleton Laboratories. Thus we are able to carry out a two station experiment. using
Soudan 2 modules near the P803 detector at Fermilab. The experiment will nced eight
meters of space along the heam direction.



We propose to bring eight modules to Fermiiab. in a 2 (wide) by 4 (deep) configuration.
This corresponds to 31.1 tons of detector and over 40 million neutrino interactions in the
nine month run. The trigger will require a vertex in the front two modules. giving about
oune trigger per spill. Although the muon flux should be modest (a requirement of ’803). it
would be helpful to have a “veto” scintillation counter in front of our near detector.

= These neutrino events will be used to measure R, < in the near detector. Selecting
electron. muon and tau charged current events in the same way in the near and far detectors.
and measuring the ratio of each type to the total number of interactions will vield information
on all types of oscillation. Although containment issues would not be identical in the two
detectors. these can be corrected using Monte ('arlo techniques. This approach will greatly
lower the level of svstematic errors in the NC/CC ratio.

In addition. the near station will give us data which we will use to normalize the heam
flux. The muon rate at Soudan can be normalized to the rate that is measured by the near
detector. We call this the R, .o/, test. Since the statistical accuracy of the near detector
is enormous. the main intrinsic limitations will be from the statistical accuracy of the far
detector and the ability to accurately estimate the muon rate due to uncertainties in the
energy distribution as a function ol angle. C'omputer studies done on the proposed neutrino
heam[36] show that as long as the angle from the beam axis is less than 0.25 mr the svstematic
error on the expected muon rate is less than 1.2%. This requirement is straightforward to
satis{v and has been achieved by other Fermilab ueutrino exposures. Effects that we have
not vet identified may limit our knowledge of the absolute flux by 1.0%. Therefore we expect
that our near station will give us knowledge of the neutrino flux at our Soudan detector with
a svstemadtic error of about 2.0%.

This Hux measurement can be used in at least two different ways. It can be used to
normalize the muon rates in the detector to search for both v, — v, and v, — wvp. The
latter mode represents the oscillation of v, into a right handed neutrino. which would be
“sterile” and not interact so that both the neutral current cross section and charged enrrent
cross section are zero. In the absence of oscillations. the limits that can be set in this way
are shown in figure 14. Using the normalized flux from the near station with the rock muons
increases the precision of the oscillation test from that shown in curve “B” of figureit. In
section 5.7. we discuss how the Soudan 2 active shield can be used to obtain curve *A” in
figurel 1.

Another possible use of a near station would be to bring the detectors into a low energy
(5-25GeV) hadron beam. This would allow an additional check on the neutral current to
charged current separation. The near detector would be moved into a charged particle test
heam at Fermilab. A modest amount of running time would suffice for such calibrations.

5.5 1, — 1. oscillations
Iz

Soudan 2 can also search for neutrino oscillations in the mode v, — v, . although we note that
present limits on v, — 1, in the relevant parameter space range already exist {rom certain
reactor experiments. The limit from the Gosgen experiment. which is the most sensitive,
is shown in figure 15. Also. the Am? sensitivity does not approach that which is relevant
fo solar neutrino experiments. \We can search for possible 1, — v, oscillations using the
Ry puce test, the H% test and the R, .q. 5qr test. For the Re -/« test, equation 6 should
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he used with B = 0 and = 1 so that the search would be more sensitive than that for
v, — . Limits that can be reached are plotted in figure 15.

Another analysis strategy for v.'s is to try to separate charged current v, and v, events on
an eveut by event basis. This is something that Soudan 2 can do for atmospheric neutrinos
with < £ >~ 1Gel’. Preliminary studies indicate that for the deep inelastic events with 5

“imes that energy, it is likely that hadronic showers would be confused with the electrons a
significant fraction of the time. llowever. electromagnetic showers above about 10GeV will
be relatively uncontaminated by 7% showers from the hadronic vertex[353]. We will continue to
investigate this possibility. Soudan 2 is well suited to be able to measure the electromagnetic
cnergy fraction as a function of event energy. A large fraction of events with over 20 GeV
electromagnetic energy may be a signal for v, — v, oscillation.

Possible Soudan v to ve limits
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Figure 15: 90% CL limits on v, — v, oscillations attainable by Soudan 2. C'urve A{dot-dash)
uses the R, s« test. B is based on the R, /., test and (' on the He test. Curve D is
the presently excluded region from Gosgen reactor.
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5.6 Stopping muons

Approximately 500 of our 2150 muons emerging from the rock are expected to stop in the
detector. We have studied the response of our detector to stopping muons both in surface
cosmic rav events and in the Rutherford ISIS test heam. We have measured the ionization

_rise at the end of the track and have observed the decay electrons from stopping u™*’s.

" Visible decays are strongly suppressed in iron for stopping g~ 's. This p*/p~ discrimination
will enable us to search for oscillations in the mode v, — 7, using the u*/u~ ratio. The rate
ol stopping muons has a different energy dependence than the total rate of rock muons. The
energy dependence of several processes which we will measure is listed in Table 1. Whether
a neutrino oscillation signal is present or absent. P822 should measure a consistent nunber
ol events lor these processes. The ability to measure a nwuber of different processes will he
an important confirmation that the energy dependence of the flux is understood.

Table 1
Inergy dependence of various processes
Neutrino fux o, (E)
(‘ontalned vertex events Edé,(F)
Rock muons E?e,(F)
Quasi-elastic contained events | ¢,(£)
stopping muons Eo (E)

5.7 Larger area muon detection

[n addition to the 2150 (s entering the main detector, we expect 3150 s {(based on 275m*
normal to the direction of the beam?) entering the south and east shield wall. It would not
be expensive to enhance the front shield wall with a crossed layer of proportional tubes. in
order to trigger on the extra 6000 muons. Within the present configuration of the shield.
there swould be four tube crossings for each muon traversing the Soudan 2 shield. We propose
to enhance this to at least six. With six tube crossings, we will both get an acceptable trigger
rate. and be able to fully reconstruct the angle of the muon to the ~ 2° angular resolution
of the shield[38]. After recoustruction. there would be essentially no backgrouud for muons
at this angle. even before eveut timing in coincidence with the Fermilah beawn is imposed.
The limit that could be set if the expected number of muons is observed is given in figure 1
curve “A”

Besides enhancing the existing “shield”. several other parts of the Soudan mine could
be instrumented with crossed proportional tubes. A significant area of tubes in a variety
ol locations throughout the Soudan mine. and/or on the surface. would again increase the
statistics and allow some information about the radial extent of the beam to be measured.
This would require the building of additional equipment. However. the relative cost of these
detectors compared to either the main calorimeter or the neutrino bheam itsell svould be

FThis area is comparable to the area of the INB detector (P805).
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small. It is seen [rom ligure 14 that the physics value of an increased number of muons using
the fia test is quite marginal. This is because the statistical power of the test is dominated
by the number of vertex contained events that ave measured. However. increased statistics
of muons would allow important systematic studies to be performed. and would provide a
consistency check on any possible signal with an independent data sample. In conjunction

=with the f2,.4r/ 500 test, the enhancement of the shield is more valuable. This can also he
seen in figure 4. The most sensitive v, — v, search that we could perform requires both a
two station experiment and the enhancement of the shield.

The  beam exits the earth about 20 miles north of the Soudan mine. One could install
four sets of LO0m? tube planes. 6 lavers each of muon detectors here, doubling the effective
area of the experiment for a modest cost. The four sets could measure the lateral spread of
the beam. Since the telescope would aim almost horizontally. cosmic ray background should
be manageable.

5.8 1. event identification

As already pointed out. v, charged current (C'(') interactions in which the 7 decays into
hadrons plus a v, will be classified as neutral current (NC') interactions. [However. thev are
expected to have a significantly different kinematic configuration than the v, neutral current
events. \We have made a Monte Carlo study using the proposed neutrino heam spectrum
to see if this difference can be exploited to identifv v, events. The method we use is the
multivariant discriminant analysis. This method finds clusters corresponding to the three
classes of events. ('C", NC\, and v, in a multidimensional space of kinematic variables. Ve
found that a significant portion of the v, region was not overlapped by the NC' or ('’ regions
(inany case ('('s will be identified by their muons). Therefore for oscillation probabilities
greater than P=.06 we could expect to identify on the order of half of the 7 eveuts in the
Soudan central detector. For the near detector part of the experiment. we need furtiier study
since we would be dealing with much smaller values of P and need to carefully see how the
tails of the NC' cluster reach into the 7 region. We intend to continue this study. increasing
our Monte (‘arlo statistics and folding in detector properties. Of course. such analvses can
be made ouly in detectors which vield information about individual tracks from complex
events.

Another signal that Soudan 2 can search for is quasi-elastic v, scattering (v.n — 77p).
The calculated v, quasi-elastic cross section as a function of energy is given in figure 11.
ln 65% ol 7 decays. the tau will show up as one to five charged pions. plus neutral energy.
[Fvents containing tightly collimated high energy pions are expected to have a characteristic
signature in Soudan 2. but would be difficult to identify in water Cerenkov detectors. \We are
now carrving out Monte C'arlo studies on simulated quasi-elastic v, events to quantitatively
estimate our event identification capability for v, events.

In the other 35% of the quasi-elastic events. the 7 would decay into a single electron
or muon. Siugle leptons at small but nonzero angles from the Fermilab beam direction
would be rather unlikely in the absence of oscillations. and a positive result for v,'s in the
appearance {nc/cc) and/or disappearance part of the experiment should be accompanied
by such events. Ior the electron channel. this will rely on our abilitv to reject hadrons
versus single electrons near 20 GeV. which will be better than 100 to 1 for exclusive electron
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events[3]. C'oherent ¥ production off the nucleus and neutrino electron elastic scattering
would be small backgrounds in this channel. Here again. we are carryving out Monte (‘arfo
studies.

5.9 External muon identifier

We helieve that the installation of an external muon identification system would counstitute
a valuable addition to this experiment. [t would increase by 30% the fiducial mass of the
detector which can be used for the R, ./« tests. About half of the muons from ambiguous
ne or cc events deep in the detector will exit the north wall. while the other half will exit
towards the west. On the north side. there is ample space to instrument an external muon
identification system. and to place material to absorb hadrons from neutrino events deep in
the calorimeter.

ln addition. magnetized iron as part of the external muon identifier would give us infor-
mation about the muon momentum for many events. We have just started exploring the
advantages that an external muon identifier would give using Monte Carlo simulations. No
result shown in this proposal relies on external muon identification. but all those dependent
on the number of identified events in the main detector would be improved. We expect to
submit an addendum to this proposal at a later date which will discuss both the possible
improvements in physics reach that this enhancement would provide. and the possible design
and costs ol such a svstem.

5.10 Additional enhancements to the Soudan 2 detector

This proposal for the long haseline neutrino heam is one that would require a substantial
investment on the part of Fermilab. Clompletion of the Main Injector and the proposed wide
hand neutrino beam are at least four vears in the {uture. It is reasonable to examine what
other possibilities exist for enhancing this experiment that have not vet been thoroughly
considered. Anti-neutrino running is one possibility.

The Soudan site contains three times the volume of excellent lahoratory space than will
e occupied by the Soudan 2 detector. This gives us considerable flexibility to:

L.

)

0.

Add additional modules to the Soudan 2 detector.

. Expand the shield

Add distributed dead mass within the existing detector to increase the contained vertex
v event rate at low cost.

. Add an external muon identifier svstem.

. Move an additional existing detector into the Soudan Laboratory

Build a new detector.
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5.11 Summary of oscillation measurements

We have considered a number of different wavs to study potential neutrino oscillations, The
following list summarizes the different processes which Soudan 2 can observe.

¢ the neutral current rate

o the charged current rate

o the contained vertex rate

o the rock muon rate in the detector

o the rock muon rate in the shield

e the stopping muon rate

e the stopping muon charge ratio

e the quasi-elastic muon rate

o all of the above rates in a near detector at Fermilab.

Neutrino oscillation tests involve measuring the ratios of these various rates. Of course not all
of the ratios would be independent tests. We have discussed in some detail the Ru, jue . R &
and R,eqr/far tests. We try to summarize in table 2 the most important tests we can do. In
the table we distinguish four modes of neutrino oscillation (v, — v, ,v, — v.. v, — vp.v, —
7,.) and those independent tests that could be used in each mode.

lu table 3 we give some example event rates for different assuimed values of the oscillation
probability. This way is not precisely correct because the probability is a function ol energy.
but it gives the reader a feeling for the statistical power of the various tests.



Table 2

Neutrino Oscillation Tests

mode test note
Ve — Vr R“nc"/“cc"
vy — v, | Ru detector u
v, — - | Re shield
v, =y | Ruear/far two station
vy = Vs | Boearfar shield. two station
v, — v, | stopping muon rate | two station
Vy — Ve R“nc"/“cc”
v, — v | Re detector p
Vp = Ve | Ruearjfar two station
Ve = Ve | Rucar/far shield. two station
v, — v | Re shield g
v, — Vp | two detector
— T £ X o X
Vy = T | o3 stoppimg muons
Table 3--Iixample event rates
P=y P=0.1 P =02 P =0.315
i . . G 1y - 3 : -
Ropereer | 8B= 31£.03 | $3=37T2.04 | Z8=43+.05 | ;B =57%.00
2150 . ~ 939 ‘ 72 f 2. . ‘ .
R U =317+ 14 | B =304 .14 | ER =088+ 14 | B =262+ .13
) 108 ) 9" 10 _ . 5 Xt 108 __ (~ ‘ 10 _ rar Q=
Riucarjar | 3igg = 123225 | 557 =130+ 2.7 | 555 =153 231 | o5 =185 £3.7

Table 3: Expected ratios for several example probabilities of oscillation (.345 corresponds to

ihe Namiokande value at high L/E)
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6 Performance and Calibration

6.1 Module performance

The response of the detector is continuously monitored by analysing the data {rom the cosmic
—ray muons which trigger the experiment at a rate of about 0.3 Hz. A sample of tracks
accumulated over several weeks is used to measure the detailed response in the region of

nucleon decay or neutrino interaction candidate events. In order to optimize the operating

parameters (e.g. gas and electronic gains). a few modules were initiallv operated on the
surface where the cosmic rayv flux is high enough to do high statistics studies rapidly. Some

ol the results on detector performance of the modules operated on the surface are presented

in this section.

For the study of tube efliciency the cosmic rav muon trajectories were fitted. By compar-
ing the number of hit tubes crossed by the trajectory with the number predicted to he hit.
the tube efficiency is determined. Such a definition not only considers if the tube is work-
ing. it also includes the anode-cathode matching efficiency and the track fitting efficiency.
Moreover. the efficiency will he decreased due to deviations of the actual tube position [rom
its nominal position. and random scaitering of the muon from a smooth trajectorv. In the
case ol perfect geometry, for Monte ('arlo data. the tube efficiency is 85%. Under actual
operating conditions the mean tube elliciency is of the order of 7T5%. The mean tube efli-
ciency is very uniform throughout a module. as is shown in figure 16, where the elficiency
is plotted along the cathode direction. The variations seen in figure 16 are correlated with
the pulse height variations along the cathode direction. The maximum tube efficiency that
is reached is S0% for very high pulse heights. but the modules were operated at the knee of
the efliciency plateau to remain in the proportional gain region.

Typical drift attenuation lengths are of the order of 70 em. For the pulse height distri-
bution shown in figure 17 the attenuation lengths for the two 50 em drift regions are 71 and
63 em. Such attenuation is well understood in terms of electron diffusion during drifting
and electron altachment due to O, contamination at the few ppm level. Some variations
from module-to-module can be observed. even with the same gas composition, due to im-
perfections in the electric field which show up as a difference in the effective radii ol the
tubes. In the absence of oxygen attachment. attenuation lengths are expected to be about
70 em. The spatial resolution is determined by the anode and cathode spacing, the drift time
digitization unit and the drift velocity. The spatial resolution is obtained from the RMS of
the residual distributions, calculated by fitting cosmic ray muon tracks. The spatial resolu-
tion in the vertical () direction is 0.47 £ 0.10 em | compatible with the expectations from
cathode separation. A result consistent with anode separation is obtained in the horizontal
(@) direction. The spatial resolution in the drift (z) direction is 1.04 £ 0.24 ¢m.

One of the main characteristics of the Soudan 2 detector is its ability to vield pulse height
information for track direction determination and particle identification. To make maximum
use of this information. the pulse height variation between modules must be smaller than
Landau Huctuations (20%). Typical pulse height fluctuations along the wire plane are of the
order of 30%. while in the drift direction. due to pulse height attenuation. a 30% reduction
in pulse height can be observed (see figure 17). However, these variations are corrected by
calibrating out the effects of measured pulse height attenuation. wire plane nonuniformities.
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module-to-module variations. atmospheric pressure. and gas composition. After pulse height
calibration. a 10% variation is obtained.

6.2 Module calibration

-At the Rutherford Laboratory's ISIS pulsed neutron source, a Soudan 2 calorimeter module
was exposed to beams of positive and negative pions. muons. and electrons at momenta
hetween 140 and 400 Mel /e, and protons at 700 and 830 MeV /e, for several angles of
incidence. Analysis of the data is in progress but preliminary results are available on the
detector resolution. ionization response, and particle identification. These studies have con-
firmed that the detector modules are performing as expected. and also have provided detailed
response parameters which can be used in the Monte Carlo detector simulation.

The electromagnetic shower energy is determined by counting tube crossings (hits). ['ig-
ure 138 shows the number of tube crossings as a function of the electron heamn energy. for
ISIS and Monte C'arlo data. The non-linear dependence upon the energy reflects the high
density of tube crossings at high energy. The measured energy resolution can be represented
as in figure Y.

1200 T 111 l T 1 U 1 Ij T " T 1T T I T 1 l_‘
N s
1000 |— ISIS Ll
_.8ao . o Monte Carlo o —3
a. - lg :1
400 — -]
e . -
- o -
200 .‘_,.--0 .j
S .
o.tclﬂolllllllllLlLllllLlLllJ
0 10 20 30 40 50
N

Figure 18: Electron shower energy versus nwmber of hits from ISIS data and Monte ('arlo
simulations.

Although the Soudan 2 detector is designed to be relatively isotropic. its geometry is
not completely uniform. This fact will affect. at some level. the number of hits counted for
shower energy measurement. I'igure 20a shows the number of hits observed for different
vertical incidence angles of the beam. for tracks perpendicular to the tubes. The maximumn
variation (3%) is obtained for small vertical angles. This variation is easilv calibrated. The
total pulse height is independent of the vertical incidence angle as is shown in figure 20h.
When the dependence upon horizontal angle (angle with the : direction) was measured. a
variation of the number of hits was observed where the beam is almost parallel to the tubes
(see figure 20c). The total pulse height does not vary with horizontal angle (figure 20d).
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Therefore. the Soudan 2 deiector is isotropic alter some small corrections. The small defector
anisotropy observed is confirmed with the Monte ('arlo and does not compromise the energy
resolution.

A sample of s produced in charged pion interactions has been reconstructed. The
events were selected by scanning for events withh two well separated showers. The rY peak
is centered at 136 £3 MeV/¢? and has an RMS of 10 Mel/c? (see figure 21). When the
production vertex is known it is possible to distinguisl electrons from photons by measuring
the distance between the vertex and the first hit (conversion length). If the distance is
smaller than 4 ¢ the relative probability to be e © 5 1s 3¢ {. for a distance larger than [ em
the shower is more likelv a photon with € : 5 a probability of 1 : 1 1.

Muon momentum is calculated {rom the range obtained by measurement ol the muon
track length (L) and using a mean detector density (1.6 g/cm?®). The average length for
215 MV /e muons is 40.6 em. with -“\{4 = 20%. giving a momentum resolution of 8%. This
resolution is independent of momentum for the I5IS energies.

Soudan 2 can distinguish between stopping positive and negative muons hecause most
negative muons are captured by iron nuclet and do not decay visibly. The decay positrons
from positive muons are usually detected. Figure 22 shows the number of extra hits at the
ends of tracks for samples of negative and positive muons. Two or more shower hits are
observed at the end of 85% ol the positive muon tracks. No hits are observed for 7597 of the
negative muon tracks.

The expected ionization response of a slowing muon is observed. [Figure 23 shows the
mean pulse height along the muon trajectorv measured from the end of the track. ('rude
measurement of the track direction (choosing the end with the higher mean ionization on
the last 5 hits as the stopping end) vields the correct direction 30% of the time.
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7 Requests of Fermilab
7.1 Clock

To enhance the purity of the neutrino signal it is important to know the timing of the events

_seen at Soudan relative to the Fermilab beam spill. In order to achieve the required timing

of <~ lms. it will be necessary to have clocks at each end which are accurate at this level
and synchronized with each other. This can be achieved by using clocks which lock onto
the WWVB shortwave radio timing signals. An absolute synchronization and a continuing
check can be achieved at the microsecond level by using television synchronization signals
as broadcast by any of the geosynchronous satellites.

At Soudan. we would write. as part of the data record. the time of every trigger. At
Fermilab we would write the time of each spill as well as any other information available
(e.g. spill intensity. targeting information....). There is a data link between the two sites
and at the end of each run the Fermilab disk file would be sent to Soudan where an offline
correlation would be done to match up events with beam spills. At this time an integrated
exposure could be calculated. based on beam intensity and targeting.

lu addition. il necessary for the shield-only events. we could use the Soudan clock to
generate a trigger gate for the expected heam arrival time. ('learly this would have 1o he
regularly checked against the actual accelerator clock by sending information on the data
link. particularly when the spill period or phase is changed.

7.2 Beam monitoring

It will be very important to monitor the primary and secondary heams with great precision
and with redundant systems. For secondary flux measurements in the horn, we would want
heam torotds and secoundary emission monitors. as well as a calibration system to study
the particle content in the horn. Tor the proton beam, a series of precise segmented wire
ivnization chambers will be required to record the position where the beam hits its target
on a pulse by pulse basis. Downstream of the dump, scintillation counter arravs would he
used for both flux and targeting comparisons. as muon rates are extremely sensitive to these
parameters.

7.3 Near detector

Our collaboration will provide the modular detectors and the electronics for the near station
experiment. However, about 8 m of space which does not interfere with Fermilaly P03 will
be required. in addition to a data acquisition system. and full access to heam monitoring
information.

7.4 Detector cost estimates

We estimate that the necessary additional equipment. such as a WWVB clock and commu-
nications system. a veto counter system for the near detector. beam monitoring equipment. a
platform for near station modules. and a data acquisition system will cost about $250.000. A
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major upgrade. such as the external muon identification svstem at Soudan. would certainly
be much more expensive. However. the largest cost is certainly the coustruction of the beam
as described in the Fermilab Neutrino Couceptual Design Report.

7.5 Computing requirements

The primary off-line analysis for Soudan 2 is now done at the Soudan site. At Fermilab, we
would require processing for the large event sample from the near detector. and lor Monte
(‘arlo and summary tape analysis. We request

1. 7 Vaxstation 3200 equivalents for 9 months at the time of the v exposure.

2. 1 Vax 3200 equivalent for 2 years (the year before and the year after) for Monte (‘arlo
and sununary tape analysis.

3. Access to Fermilah computing resources before the exposure for beam design Monte
(‘arlo. etc.



8 Concluding remarks

8.1 Personnel issues

Our collaboration includes all institutions which are currently carrying out the Soudan 2
_proton decay experiment: Argonne National Laboratory, the University of Arizona. the
~ University of Minnesota. Tufts University, the University of Oxford and Rutherford-Appleton

Laboratory. Considerable support will continue to be provided by those institutions for

’822. Members of our collaboration have extensive experience ou neutrino experiments.

having worked on IE594 and CCFR at Fermilab. and on Argonne 12°. Fermilab 15" and

(‘ERN BEBC neutrino experiments. as well as Los Alamos neutrino exposures, r studies at

SLAC"s HIRS. and atmospheric neutrino studies.

8.2 Conclusion

The Soudan 2 detector is an excellent target for a long baseline ¥ beam from the Fermilab
Main Injector. The detailed event reconstruction capabilities of Soudan 2 and our ability
to perform a two station experiment will give very good control of potential systematic
ervors.  We can also uniquely perform an important v, appearance experiment by using
the clearly distinguishable patterns of charged current and neutral curreut events. This
is more tmportant than the added statistical power on achieves in an experiment closer
to Fermilab without such paltern rvecognition capability. Our experiment could discover
compelling evidence for neutrino oscillations. If v, — v, and v, — v, oscillations do not
exist in this large new region ol paraineter space, unportant new limits on neutrino properties
can he set.
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